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PROCEEDINGS, PART Il 


The Society is not responsible, as a body, for the statements and opinions advanced in this 


SUMMARY OF PROCEEDINGS OF THE CHICAGO REGIONAL > 


MEETING—SYMPOSIUM ON CORROSION TESTING 
PROCEDURES; SYMPOSIUM ON LUBRICANTS 


The eighth regional meeting of the Sdciety was held in Chicago, IIl., at 
the Palmer House on Tuesday and Wednesday, March 2 and 3, 1937, in 
conjunction with the Spring Group Meeting of A.S.T.M. Committees. 
Arrangements for the regional meeting were under the auspices of the 
Chicago District Committee. 


Symposium on Corrosion Testing Procedures: — 


The Tuesday evening session of the meeting comprised a technical pro- 
gram, a Symposium on Corrosion Testing Procedures sponsored jointly by 
the Society’s Committees A-5 on Corrosion of Iron and Steel, and B-3 on 
Corrosion of Non-Ferrous Metals and Alloys. The personnel of the joint 
committee immediately in charge of the technical program (F. N. Speller, 
chairman) consisted of the following: 


Representing Committee A-5: 
F. N. Speller, Director, Department of Metallurgy and Research, 
National Tube Co. 
L. W. Hopkins, Materials Engineer, American Chain and Cable Co., 
Inc. 
Representing Committee B-3: 
R. J. McKay, Superintendent, Technical Service, The International 
Nickel Co., Inc. 
C. L. Hippensteel, Member of Technical Staff, Bell Telephone Labora- 
tories, Inc. 


The purpose of the symposium was to study the desirable steps to be 
taken in the direction of standardization of corrosion testing methods. The 
- symposium consisted of the following papers: 


“Tntroduction,” by F. N. Speller. 
“The Principles of Corrosion Testing,” by C. W. Borgmann, Research Engi- | 
neer, National Tube Co., and R. B. Mears, Metallurgist, Aluminum 

Research Laboratories, Aluminum Company of America. 
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“Atmospheric Corrosion Testing,” by Henry S. Rawdon, Chief, Division of 
Metallurgy, National Bureau of Standards. 

“Salt-Spray Testing,” by E. H. Dix, Jr., Chief Metallurgist, and J. J. Bow- 
man, Metallurgical Division, Aluminum Research Laboratories, Alumi- 
num Company of America. 

“An Electrical Resistance Method of Determining Corrosion Rates,” by 
R. R. Seeber, Professor of Mechanical Engineering, Michigan College 

7 of Mining and Technology. 

_“Alternate-Immersion and Water-Line Tests,”’ by D. K. Crampton, Director 
of Research, and N. W. Mitchell, Research Metallurgist, Chase Brass 
and Copper Co. 

_ “Standardizing Liquid Corrosion Tests,” by R. J. McKay, Chemical Engineer, 
Nickel Sales Dept., and F. L. LaQue, Development and Research Divi- 
sion, The International Nickel Co., Inc. 

“Soil Corrosion Testing,” by K. H. Logan, Chief, S. P. Ewing, Research 
Associate of the American Gas Assn., and I. A. Denison, Chemist, 
Underground Corrosion Sectjon, National Bureau of Standards, Washing- 
ton, D. C. 


The co-chairmen at the session were Messrs. Speller and McKay. 

A considerable amount of discussion resulted from the single session held 
at the regional meeting. However, the committee in charge felt that for a 
subject of such importance further opportunity should be given for discus- 
sion. A session of the Fortieth Annual Meeting was therefore set aside for 
this purpose. The discussion from the regional and annual meetings 
of the Society was carefully reviewed, abstracted, and combined. The 
papers, complete with this discussion, have been published by the Society 
as a separate volume entitled, “Symposium on Corrosion Testing Pro- 
cedures.” 


Symposium on Lubricants: 


The Wednesday morning and afternoon sessions of the meeting com- 

prised a Symposium on Lubricants sponsored by Technical Committee B 

on Motor Oils of Committee D-2 on Petroleum Products and Lubricants. 

The committee immediately in charge of the technical program consisted 
of the following: 


H. C. Mougey (Chairman), Assistant Technical Director and Chief Chemist, 
Research Laboratories, General Motors Corp. 


- J. G. Detwiler (Secretary), Assistant Consulting Chemist, The Texas Com- 
pany. 
R. P. Anderson, Secretary, Division of Refining, American Petroleum 
Institute. 


A. L. Clayden, Research Engineer, Sun Oil Co. 

L. L. Davis, Supervisor, Process Division, Continental Oil Co. 

W. H. Graves, Chief Metallurgist, Packard Motor Car Co. 

« W. A. Gruse, Senior Fellow, Mellon Institute of Industrial Research. 
Raymond Haskell, Industrial Engineer, The Texas Company. 

J. L. McCloud, Metallurgical Chemist, Ford Motor Co. 

J. B. Rather, In Charge, General Laboratories, Socony-Vacuum Oil Co., Inc. 
T. H. Rogers, Assistant Director of Research, Standard Oil Co. (Indiana). 
E. W. Upham, Chief Metallurgist, Chrysler Corp. 


Su 
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The purpose of the symposium was to summarize and to bring up-to-date 
the available information on motor oils and their applications. The pres- 
ent symposium can be considered as a sequel to the 1933 Symposium on 
Motor Lubricants presented at the fourth regional meeting at New York 
City, March 8, 1933. It consisted of the following four papers: 


“Engine Deposits—Causes and Effects,” by W. A. Gruse, Senior Industrial 
Fellow, and C. J. Livingstone, Industrial Fellow, Mellon Institute of 
Industrial Research. 

“Automotive Bearings—Effect of Design and Composition on Lubrication,” 
by Arthur F. Underwood, Assistant Head, Power Plant Dept., Research 
Laboratories Division, General Motors Corp. _ 

‘Addition Agents for Motor Oils,” by George M. Maverick and R. G. Sloane, 
Standard Oil Development Co. 

“How to Select a Motor Oil from the Standpoint of the Consumer,” by W. S. 
James, Chief Engineer, The Studebaker Corp. 


The chairmen of the sessions were as follows: 


Morning Session.—D. P. Barnard, IV, Assistant Director of Research, Stand- 4 
ard Oil Co. (Indiana). 

Afternoon Session.—F¥. L. Faulkner, Manager, Automotive Dept., Armour 
and Co, 


The papers elicited a considerable amount of discussion which contributed 
greatly to the information contained in the papers. The papers, complete 
with discussion, have been published by the Society as a separate volume 
entitled, “Symposium on Lubricants.” 

The three technical sessions were very well attended, there being about 
350 present at each session. 


Wednesday Evening Session: 


As an innovation from the usual type of informal Regional Meeting 
Cain the Chicago District Committee planned an informal dinner at the 


Casino Parisien which was followed by the regular floor show of the res- 
taurant. 
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DEFINITION 


In general a “plastic” is any substance 
which can be deformed under mechani- 
cal stress without losing its coherence. 
Plastics then include all substances 
which can be worked and molded into 
definite shapes under mechanical stress 
and retain their shape after being 
formed. This broad definition would 
include a very large number of classes 
of materials, such as clays, plasters, all 
sorts of resins, putty, cement, and even 
metals. Naturally our discussion will 
not cover such a broad field but will be 
restricted to some of those materials 
which are termed plastics in industry — 
such as shellac, rubber, synthetic resins, 
casein products, and cellulose deriva- 
tives. All such materials may be con- 
-sidered as being in a plastic state during 
some part of their manufacturing or 
their fabricating processes. Certain 
materials may be considered as plastic 
under one given set of conditions of 
pressure and temperature, while under 
a different set of conditions they may 
be thought of as lacking this property. 
In dividing plastics into groups as to 
origin they may be considered as natural 
or synthetic. 

(a) Natural Plastics —Natural plas- 
tics include the natural resins, gums, 
waxes, shellacs, and even rubber, and 


1 Read on June 30, 1937, before the Annual Meeting of 
the American Society for Testin Materials, New York City. 

2 Manager, 7 aboratory, Diehl Manufac- 
turing Co., Elizabethport, N. J. 
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PLASTICS—SOME APPLICATIONS AND METHODS OF TESTING 7 


By T. Smitn TAYLor? 


products made by using them. These 
substances may be used in their natural 
state or in combination with other ma- 
terials. The natural resins are for the 
most part light in color and vitreous. 
They are, in general, somewhat hard or 
at least only slightly sticky at ordinary 
temperatures. They are capable of 
becoming soft under the action of heat 
alone. In general, they are insoluble 
in water but can be dissolved in certain 
organic solvents.. Natural resins are 
sometimes called gums or gum resins, 
particularly by the varnish maker. 
They are not true gums, however, since 
gums in general are water-soluble, or at 
least form gels in water, and are soluble 
in alcohol. 

(b) Synthetic Plastics.—A synthetic 
plastic is one made by using a synthetic 
resin. As the name implies, a synthetic 
resin is one that is formed by synthesis 
using as reactants one or more non- 
resinous organic materials. They may 
have properties similar to those of na- 
tural resins but not necessarily so. They 
are sometimes spoken of as artificial 
resins, but the term artificial conveys 
the idea that the material has been 
made to imitate the properties of a na- 
tural resin. In the case of both na- 
tural and synthetic plastics, the term 
“resin” has been used. The term “resin” 
was orginally applied to the natural 
resins arising from plant secretions. A 
notable exception to this is shellac 
which is exuded by an insect and not by 


| 


a plant. Again the term “resin” has 
been restricted by some to those resins 
which can always be rendered plastic 
by heat. The same authors advocate 
the use of the term “resinoid” as ap- 
plied to those resins which may be 
hardened by heat. For the purpose of 
this discussion no attempt will be made 
to use one or the other term exclusively 
for the purpose of differentiating be- 
tween the two classes of materials as to 
the effects of heat upon them. The 
argument as to the proper terminology 
to use will be left to the specialists in 
the resin fields. 


KinDS OF PLASTICS AS TO EFFECTS OF 
HEAT 

4 In considering plastics from the stand- 
point of the effects of heat upon them, 
it is convenient to divide them into two 
groups. The one group embraces those 
known as thermoplastics, or heat-non- 
convertible materials. Such substances 
are adequately rigid at the temperatures 
and pressures to which they are nor- 
mally subjected. They are deformable, 
however, under the application of heat 
and pressure. In many cases heat 
alone will produce a deformation with- 
out the addition of pressure. This 
property of being deformed is practi- 
cally permanent for this class of ma- 
terials and can be repeated as often as 
desired. The other group, according 
to the effects of heat, contains those 
materials known as “thermosetting” 
or “thermohardening,” that is, heat- 
convertible. These “thermosetting” sub- 
stances originally possess the same prop- 
erties as the thermoplastic materials. 
Under the influence of heat, they un- 
dergo chemical changes which render 
them permanently infusible. This prop- 
erty of thermosetting, that is, becoming 
permanently infusible, varies greatly 
among the different plastics. In some 
cases a very short time—say a few 
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seconds—is required to bring about the 
chemical change, and in others this time 
is much longer and may be as much as 
several minutes—and in some cases 
even days or weeks. Quick thermo- 
setting resins are in demand in most 
molding operations. In molding thermo- 
plastic materials, it is necessary to cool 
the mold, to some extent at least, in 
order that the finished article can be 
removed from the mold without distor- 
tion. Articles molded from thermo- 
setting materials can be removed from 
the mold while hot with no appreciable 
distortion. It is obvious that molding 
operations can be performed more 
rapidly with the thermosetting types 
of materials in which the chemical 
changes take place quickly than is possi- 
ble with the thermoplastic materials. 
This statement is based upon the as- 
sumption that the time required to 
bring about the chemical reaction under 
the action of heat and pressure is small 
compared with the time required to cool 
and reheat the mold when using the 
thermoplastic materials. 

It is a matter of fact that the signifi- 
cant difference between thermoplastic 
and thermosetting materials is becoming 
of less and less importance. In fact, it 
has been argued by some that all resins 
are thermoplastic. It is argued that 
those which are called thermosetting 
appear so only because they decompose 
or dissociate below their softening 
points. Other technical distinctions and 
devices of logic so becloud the issue 
until one realizes that the region is 
vague in which thermoplastic ends and 
thermosetting begins. To say that the 
use of a material depends upon whether 
it is thermoplastic or thermosetting is 
too general today. Both types are 
being modified constantly to meet new 
requirements. Plasticizers or flexibliz- 
ing agents are being added to thermo- 
setting resins so as to prevent the com- 
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plete formation of infusibility. In many 
cases radical changes in formulas and 
manufacturing processes are used to 
produce the same results. 

On the other hand thermoplastic ma- 
terials are being produced which have 
higher softening points, decreased tem- 
perature susceptibilities, higher plastici- 
ties, and other characteristics which 
cause them to approach the properties 
of the thermosetting types. In addi- 
tion to this, there have been marked 
advances in the use of resins. In order 
to get specific properties or improve the 
costs, manufacturers have changed their 
processes or designs in order to use 
resins in ways which at one time were 
considered impossible. Phenol-alde- 
hyde, urea-aldehyde, and alcohol-acid 
reaction products are extensively usedin 
what are usually spoken of as thermo- 
setting plastics. The raw materials 
from which these resins are made will, 
under proper processes of manufacture, 
produce many varieties of thermoplas- 
tics. The cellulose derivatives and the 
styrene polymers find their main uses as 
thermoplastics. 


SomE PLASTIC MATERIALS AND THEIR 
PROPERTIES 


In presenting some of the chief plastic 
materials, it should be kept in mind that 
neither the order in which they are con- 
sidered nor the emphasis placed on each 
is to be interpreted as indicating the 
relative importance or position the ma- 
terial occupies in the plastic field. 
Furthermore, it is also to be understood 
that, because no consideration is given 
to certain plastics, it is no indication that 
such materials may not occupy even as 
important places in the plastic field as 
some of those which are considered. In 
fact, it may be that there are plastics not 
herein considered which are decidedly 
better for their particular field of useful- 
ness than some that are discussed. 


TAYLOR ON PLASTICS 7 


Rubber: ay ¢ 


It is quite proper that among the 
plastics some consideration should be 
given to rubber. In general the name 
“rubber” and its various forms does not 
carry with it the idea of its being a 
plastic as is the case for the materials 
made using either the ordinary natural 
resins or the synthetic resins. On the 
contrary, as a result of the numerous 
forms and products in which rubber has 
commercial application, it really has 
assumed the role of a separate class of 
material all its own. This is borne out 
also by the fact that our own Society 
has for many years had its standing 
Committee D-11 which has devoted its 
time to developing methods of test ap- 
plicable to Rubber Products. 

Committee D-9 on Electrical Insulat- 
ing Materials has been particularly in- 
terested in methods for testing the elec- 
trical properties of rubber products. As 
a plastic, rubber may be considered as 
being used very extensively at all degrees 
of plasticity from the very soft thermo- 
plastic type to quite hard thermosetting 
or vulcanized types. That it is possible 
for the rubber technologist to start with 
the latex bearing cells of the rubber- 
bearing tree and alter them so as to 
produce such a variety of resultant 
products is really astounding. How- 
ever, the fact that he must start with 
the one type of cell does limit his possi- 
bilities. It is here where the field of 
synthetic rubber presents its possibili- 
ties. Thus by varying the raw mate- 
rials and their method of synthesis, a 
variety of rubber-like substances may 
be produced, each designed to meet the 
requirements of a particular field. Toa 


certain extent this is being achieved. _ 


The American synthetic product, which 
is a chloroprene derivative is well known, 
and complete data concerning its com- 
pounding and properties are available. 
This is not the case for either the 
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German or Russian synthetic types. 
Some of these synthetic rubber com- 
pounds have excellent physical proper- 
ties which closely approach those of the 
natural rubber compounds. In fact, 
they are much more resistant to oils and 
gasoline than natural rubber. The syn- 
thetic rubbers are somewhat more su- 
perior to the natural rubbers in their 
exposure to elevated temperatures, 
whereas the reverse is true for low tem- 
peratures. By making a shift in the 
hydrocarbon base, it has been possible 
to develop a synthetic product which, 
when properly compounded and cured, 
neither swelled nor imparted a trace of 
color to gasoline when immersed in it 
for a period of months. It is still 
flexible when submerged in gasoline at 
a temperature of —35 to —40 F. Re- 
cent developments have produced a 
compound which remains flexible at 
temperatures as low as —60 F. 

From a study of the polysulfide rub- 
bers, a type of synthetic rubber has been 
produced which can be compounded to 
any desired degree according to the use 
to which it is to be put, and then finally 
cured in any quantity desired in an open 
steam vulcanizer. This vulcanizate is 
reduced to a relatively fine powder in a 
suitable mill. This powder can be 
molded into the most intricate shapes in 
a mold in the relatively short interval of 
3 min. This oilproof synthetic rubber 
is now in use in industries in applica- 
tions where other rubbers are unsuitable. 
It is quite evident that, as a result of 
simplicity of manufacturing processes 
and availability of the necessary raw 
materials, the polysulfide rubbers can 
eventually compete in cost with natural 
rubber products. 


Shellac: 

Shellac is sometimes called the original 
thermoplastic. It is quite likely that 
its use is older than the use of rubber. 


It possesses unusual hardness, tough- 
ness, and durability to wear. Lac resin 
is the secretion of a small insect living 
on trees in India and other Eastern 
countries. The lac resin is collected by 
natives and purified by crude methods 
which have undergone no appreciable 
changes in centuries. In recent years, 
however, these ancient processes have 
been carried%out bygthe uselof;modern 
machinery and under controlled condi- 
tions giving the scientific shellacs which 
have uniformity and are clean. As 
much as 25 per cent of the output now 
is by modern scientific means. Chemi- 
cally, shellac resin consists of various 
hydroxy acids which may be partly com- 
bined with each other as lactones or 
anhydrides. There is also present about 
5 per cent of natural shellac wax which 
assists the flow. In addition to this, 
there will be found about 2 per cent 
moisture and from 3 to 3 per cent of 
dirt, sand, and impurities. When shel- 
lac is heated above its melting point, 
volatile matter is given off and con- 
densation or polymerization of the or- 
ganic acids takes place. This decreases 
the fluidity of the shellac and raises the 
softening point so that eventually, if 
the heating process is continued, it loses 
its characteristics as a thermoplastic. 
The rate of polymerization can be in- 
creased greatly by the addition of suit- 
able catalysts such as acids, hexameth- 
ylenetetramine, urea, benzidine or 
ammonia salts, and heavy metal oxides 
or sulfur. By the use of these agents 
shellac compositions have been prepared 
which stand temperatures up to 550 F. 
without appreciable warping and which 
can be withdrawn hot from the mold. 
Among the uses for shellac and its com- 
pounds may be mentioned: its use as a 
varnish or protective coating, as a binder 
for mica flakes, in molded materials, in 
grinding wheels, and in the production 
of phonograph records. 


Electrically, shellac is an excellent 
insulator. It does not form a carbon 
path over the surface after an arc has 
passed over it. In fact, short circuits 
have occurred over the surface of shellac 
insulators and still the insulators re- 
mained good for later use. 

The general impression is that the 
consumption of shellac isdeclining. Rel- 
ative to the rate of consumption of the 
newer synthetic insulating materials, 
this may be the case. Actually, how- 
ever, the total consumption has in- 
creased. In the shipments to America, 
the amount has increased from a total of 
about 7,000,000 Ib. in 1900 to over 
20,000,000 Ib. in 1936. Also the total 
shipments from Calcutta have increased 
from a total of less than 20,000,000 Ib. 
in 1900 to about 45,000,000 Ib. in 1936. 
Although the increase is smaller than 
for the synthetic resins, it shows a 
healthy development in the application 


of this natural product. oe 


Cold-Molded Plastics: 


So-called cold-molded plastics have 
been in use for many years. They are 
made using mixtures of asbestos or other 
fillers with pitch, shellac, cements, and 
other binders. After being formed to 
the desired shape by pressure in a mold, 
they are subsequently baked or heat 
treated. Cold-molded articles were for- 
merly considerably cheaper than hot- 
molded ones. The increasing use of 
hot molding has lowered the cost of 
production so that the original price 
advantage does not exist. Some cold- 
molded materials do possess properties 
which are superior to the hot-molded 
ones for certain purposes. Thus there 
still exist certain applications which 
will be best satisfied by cold-molded 
materials, and it is quite likely that such 
materials will continue to serve a very 
useful purpose. A recently developed 
cold-molded material known as “Haveg”’ 
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promises to fill the special chemical field 
in which large vessels are desired of 
special characteristics. As this field is 
of rather large volume, it will counteract, 
at least in part, the inroads made in the 
cold-molded field by the hot-molded 

plastics. 


Cellulose Plastics: 


It has been said that the history of 
the plastics industry dates from the in- 
vention of celluloid in 1868 by John 
Hyatt when seeking a substitute mate- 
rial for ivory billiard balls. He dis- 
covered that camphor alone would dis- 
solve pyroxylin, and that thoroughly 
mixing the two together and pressing 
the mixture, while under heat, the 
pyroxylin and camphor would combine 
into a solid mass. The discovery of the 
process of making pyroxylin or nitro- 
cellulose is attributed to Schenbain of 
Switzerland in 1846. Nitrocellulose is 
formed by treating cotton linters with 
a mixture of strong nitric and sulfuric 
acids. After the celluloid is made from 
the camphor and pyroxylin, it is then 
seasoned or cured at elevated tempera- 
tures in order to remove the volatile 
alcohol which has performed its func- 
tion. This curing period may be from 
a few hours to weeks, or even months. 
After curing, the surface is finished in 
any number of different effects. The 
material may be fabricated in the form 
of sheets, rods, and tubes of various 
dimensions. One of the cellulose plas- 
tics is cellulose nitrate. 

(a) Cellulose Nitrate or pyroxylin is a 
true thermoplastic and, by reason of its 
process of manufacture, innumerable 
colored and variegated effects are pos- 
sible. By the medium of dyes and 
pigments which can be incorporated in 
the plastic mass, the colorist can obtain 
many desired effects which are difficult 
to obtain in other plastics. Since it is 


readily fashioned by molding, bending, _ 
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and machining, and possesses highly 
decorative qualities, it is ideally suitable 
for such articles as dressing-table sets, 
fountain pens, pencils, umbrella handles, 
novelties of all sorts, veneered wood- 
work, and towel racks. Its toughness, 
strength, and wear resistance find ap- 
plication in safety glass, heel covers, 
airplane windows, cutlery handles, brush 
handles, and many other articles. 
Among other applications may be men- 
tioned its use in optical parts, piano 
keys, banjo buttons, organ stops, screw- 
driver handles, and even zipper fasten- 
ers. Pyroxylin plastics can be cemented 
to themselves by the use of such solvents 
as acetone and ethyl acetate. They can 
be cemented to many other articles by 
use of body cements containing cellulose 
nitrate, plasticizers, and solvents. 

(b) Cellulose Acetate.—Cellulose ace- 
tate constitutes the basic material from 
which a second type of cellulose plastics 
known under the same name is made. 
Cellulose acetate is primarily cellulose, 
usually in the form of cotton linters 
esterified with acetic acid and acetic 
anhydride. It differs greatly from cellu- 
lose nitrate in that the nitrate burns 
quickly and violently while the acetate 
plastic materials are non-hazardous, 
burning more like wood, hard rubber, 
heavy cardboard, and similar materials. 
The development of cellulose acetate was 
a real step forward, particularly for 
picture films, as it rendered the film, 
which had been previously highly in- 
fammable, perfectly safe. The acetate 
plastics are marketed in the form of 
sheets, rods, and tubes for fabricating, 
and also in the form of blanks and pow- 
ders for molding. One of the chief ap- 
plications of the laminated sheet is in 
safety glass. The stability of the ma- 
terial to light and heat makes it much 
more satisfactory for this purpose than 
the nitrate. The acetate alone cannot 
be readily molded, for it is necessary to 
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add some plasticizing agent. In general, 
the acetate is more costly than the ni- 
trate, but improved methods of making 
the acetate plastic in blanks and granu- 
lar form have greatly reduced the cost 
till now it is really cheaper than corre- 
sponding color sheet of cellulose nitrate. 
The resistance to impact of cellulose 
acetate plastics is unexcelled by any 
other molding composition. The high 
impact strength and its transparency 
make it particularly suitable for numer- 
ous articles of safety—such as protec- 
tion goggles, miners’ lamp housings, 
steering wheels, buttons, buckles, and 
door knobs. The molding compounds, 
as well as the sheet materials, can be 
produced in very attractive color effects 
by the use of suitable pigments and 
dyes. Translucent and transparent col- 
ors can also be produced. The molding 
compounds can be adapted to both 
compression and injection moldings. 
In compression molding it is essential 
that the mold be chilled somewhat in 
order that the piece be removed with- 
out warping. But even then, cycles as 
low as 23 to 33 min., have been success- 
fully used. In injection molding, even 
though the material is a true thermo- 
plastic, it is possible to have sufficient 
heat loss from the mold by natural 
ventilation and conduction that cooling 
of the mold is unnecessary. In addi- 
tion to the items already mentioned 
which are made from the acetate plas- 
tics, a wide variety of articles is produced 
from the material—such as automobile 
appointments, bracelets, combs, costume 
jewelry, knife handles, pencils, switch 
plates, vanity cases, lamp shades, sash 
frames, airplane windows, windshields, 
cockpit enclosures, protective coatings 
for packages, masks for use in hospital 
operating rooms, household articles such 
as pepper and salt shakers, bobbins, 
and spools. 

(c) Ethyl Cellulose Plastics which con- 
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stitute another class of cellulose plastics 
are formulated using ethyl cellulose 
which has been known in the laboratory 
for many years but only recently avail- 
able in this country in commercial quan- 
tities. Ethyl cellulose is prepared by 
the reaction of ethyl chloride on alkali 
cellulose and is supplied as a white 
granular powder. Plastics are readily 
formulated with ethyl cellulose since 
it is readily soluble in and miscible with 
many plasticizers and resins. The plas- 
tics are normally colorless and transpar- 
ent. They are unaffected by either 
alkalies of any concentration or by 
dilute acids provided the plasticizers 
used are unaffected. They are little 
affected by ultraviolet light. They are 
light in weight, having a specific gravity 
of 1.14 which is lighter than most 
molding compounds. Ethyl cellulose is 
about as flammable as cellulose, but the 
plastics can be rendered non-flammable 
by the addition of chlorinated and phos- 
phate plasticizers. 

The physical properties of ethyl cellu- 
lose give it some distinct advantages in 
molding plastics. It is readily com- 
pounded and produces exceptionally 
tough plastics. It is lightproof and 
thus can be used in delicate shades. It 
is tough even at low temperatures. It 
can be handled in ordinary molding 
equipment. It has chemical resistance 
and good electrical properties. 


Phenol-Formaldehyde Plastics: 


It may be properly stated that the 
birth of modern plastics dates from the 
discovery of Bakelite by Dr. Bakeland 
some 27 yr. ago while attempting to 
work out a shellac substitute. The 
process of manufacturing a_ typical 
phenolic resinoid consists of placing 
weighed quantities of phenol and form- 
aldehyde solutions in a closed jacketed 
kettle and then heating by means of 
sending steam into the jacket until the 
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reaction proceeds actively. After the 
completion of the reaction in a few hours 
or less, it is found that the contents of 
the kettle have separated into two parts: 
an aqueous layer above and a layer of 
molten resinoid below. This resinoid 
is soluble in alcohol and when so dis- 
solved, constitutes the varnish with 
which paper and cloth are treated to 
form the paper and laminated prod- 
ucts. The process of manufacture of 
the laminated sheets is to press the 
desired number of sheets, previously 
treated with the varnish and dried so 
as to get rid of the solvent, between 
heated platens in a hydraulic press for 
sufficient length of time to cause the 
reaction to be completed—thus thermo- 
setting the resin. When this is com- 
pleted the resin is no longer soluble or 
fusible. It is possible to obtain numer- 
ous types of this class of resin depend- 
ing upon the particular raw materials 
used. Similarly, a large number of 
types of laminated materials can be 
secured with any given resin by varving 
the type of cloth and paper as well as 
method of manufacture. The manu- 
facture of the molding materials consists 
of mixing together suitable quantities 
of resin, filler, coloring matter, and 
lubricant. The finished articles are 
fabricated by pressing the desired quan- 
tity of molding powder in a hardened 
steel mold at a temperature of from 275 
to 375 F. depending upon the material 
being molded. The pressures used are 
also variable depending upon the ma- 
terial and extend over a range of 1000 
to 8000 Ib. per sq. in. Under the appli- 
cation of pressure and heat, the com- 
pound is transformed into the infusible 
state and can be withdrawn from the 
mold hot in many cases without fear of 
distortion. By varying the ingredients, 
molding compounds of decidedly dif- 
ferent qualities can be produced for 
specific applications. The laminated 
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materials have a wide application in the 
electrical and mechanical fields. The 
electrical industry uses immense quanti- 
ties of laminated materials as insulating 
) materials of construction in transform- 
ers, forms for various shaped coils, switch 
blocks and panels of every description, 
as well as numerous other applications. 
Quantities of laminated materials are 
being used for table tops, wall panelings, 
and other places in which a decorative 
effect is desired. The cloth-filled lami- 
nated material is used very largely as a 
gear material and couplings, and par- 
ticularly so where it is desired to cut 
down the effects of shock or secure a 
more silent running machine. In the 
electrical field use is made of molding 
compounds for such purposes as wall 
receptacles, wall plates, connector plugs, 
twin lights, automotive ignition parts, 
radio parts, and numerous other applica- 
tions. Inthe mechanical group the uses 
are ever increasing. In recent years em- 
phasis has been placed upon the relative 
impact strength of the material, and ma- 
terials of high impact strength have been 
developed. In general, all phenolic 
laminated and molded materials are 
considered as chemically resistant. As 
an example, where a material must have 
high tensile strength, high impact value, 
and also be chemically resistant, may 
be cited the spinning buckets used in 
the rayon industry. The fact is that 
there are so many laminated and molded 
phenol-formaldehyde parts with which 
we come into contact daily and we are 
so accustomed to seeing them that we 
fail to consider what they really are. 
For example, in recent years molded 
compounds have used to make 
bottle closures. This application alone 
-consumes hundreds of tons of material 
_ yearly. The use of phenolic resins for 
binders in grinding wheels has produced 
a wheel of much longer life and more 
rapid cutting characteristics than was 
possible previous to this application. 
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Cast Phenolics: — 


In the early stages of the development 
of resinoids, they were used in the cast 
form. Cast resins differ from the mold- 
ing and laminated types in that they 
are poured into molds in their liquid 
form and then cured in the mold at 
elevated temperatures. The cast resin- 
oids may vary in properties from a 
thermoplastic nature to a completely 
thermosetting character depending upon 
materials of composition and heat treat- 
ment. In general, the molded piece is 
not the finished product but requires 
subsequent machining and _ polishing. 
The cost of cast phenolic resins is some- 
what more than molding compounds. 
The elimination of expensive mold costs 
makes it possible for them to compete 
in many instances with molding com- 
pounds. It is possible to so design the 
molds for certain pieces that the cured 
piece will require very little if any 
machining but only require polishing. 
The largest part of cast phenolic resins 
is in the form of rods, tubes, plates, and 
odd shapes for further machining, 
These materials are used for buttons. 
brooches, ear-rings, costume jewelry, 
parts of furniture, and even hardware. 
Cast resins do not require a filler and 
can be made transparent or even water 
white and crystal clear. Clouded and 
translucent effects can be secured by 
adding dyes or pigments. Brilliant and 
delicate shades can be readily produced. 
The use of such resins has been extend- 
ing into new fields in recent years. That 
their use is considerable is evidenced by 
the fact that in 1936 over 5,000,000 Ib. 
were produced in this country alone. 
The application of cast resins to den- 
tures has been very successful. The 
development of these denture materials 
represents a very extensive series of 
studies over a period of years in order 
to develop products which would be 
especially suited for this application. 
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Urea-Formaldehyde Plastics: 


Although the urea-formaldehyde com- 
pounds were introduced many years ago 
in order to provide lighter colors than 
were available in the phenol-formalde- 
hyde compounds, they were not offered 
for sale in this country till about 1929. 
They can be molded as rapidly as the 
phenolics but were originally slightly 
more expensive. The resin itself is 
clear so that by using highly refined 
colorless alpha-cellulose pulp as a filler, 
it is possible to obtain pure white and 
delicately shaded tints in the finally 
molded products. The resin is thermo- 
setting and the finished article has a 
high reflectivity and polish as a result 
of the depth of color of the composi- 
tions. They were not developed to 
supplant the phenolics but rather to 
supplement them. Not only can beau- 
tiful colors and shades be produced in 
urea compounds but “light fast’? shades 
are likewise produced. The colors are 
also “‘non-bleeding”’ in alcohol, acetone, 
and other common solvents. They are 
odorless and tasteless as is evident from 
their use in tableware in which hot 
foods and liquids are used. They are 
infusible but char at high temperatures. 
They offer high resistance to arcing over 
their surface and can be used in elec- 
trical equipment where spark-over may 
occur or where “tracking” causes 
trouble. They retain excellent insulat- 
ing properties after immersion in water 
or contact with damp air. They possess 
a high degree of flexibility, are high in 
impact strength and have excellent 
tensile strength. The ureas are about 
twice as expensive as the standard 
brown and black molding compounds 
but compare favorably in price with the 
colored phenolics.: Among the numer- 
ous applications of urea compounds may 
be mentioned the following: buttons, 
buckles, closures, jar caps, biscuit and 
cake cutters, cereal bowls, tableware, 
bathroom fixtures, bowls for floor lamps, 
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and reflectors. A special application of 
the urea resins is in the decorative 
laminated field where they are used for 
coatings and light colors. In this ap- 
plication their hard surface provides not 
only decoration but is easily cleaned 
and withstands ordinary chemicals. 
Their use in transparent and translucent 
panels is becoming even more general. 
In addition to this field, the resin is now 
finding application in the treatment of 
textiles and as cements to be used with 
molded items. The increase in the 
production of urea-formaldehyde com- 
pounds from about 600,000 Ib. in 1931 
to over 7,000,000 Ib. in 1936 shows how 
rapidly their use is growing. 


Furfural-Phenol Resins: 


Another resin known as the furfural 
resin showed definite promise as early 
as 1920. The high cost of furfural at 
the time reacted against its commercial 
use. The resin was developed to meet 
certain requirements of printing plates. 
One exceptional property of these resins 
is their long-drawn-out and flat plastic- 
ity curve at the preliminary heating tem- 
peratures with little if any polymeriza- 
tion and then a very rapid and almost 
vertical final polymerization at temper- 
atures above 320 F. This property 
greatly increases the temperature range 
over which it can be used. Besides this 
property of the molding material, the 
finished piece retains its molded shape 
with unusual accuracy, as it is of the 
thermosetting type. The piece can be 
ejected hot, is strong, and displays little 
thermoplasticity upon subsequent heat- 
ings, indicating that the reaction has 
been fairly complete. The long-drawn- 
out stage of plasticity involving little 
polymerization at the softening tem- 
perature permits the use of a dual 
temperature arrangement transfer 
molding. Such conditions permit suc- 
cessive moldings from a given charge in 
the supply chamber. 
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Vinyl Resin Plastics: 


A resin which was among the earliest 
of synthetic resins is the vinyl resin. 
Its history goes back to 1838 when 
Regnault observed the formation of a 
white powder when sealed tubes of 
vinyl chloride were exposed to the sun- 
light. It was not till 1872 that Bauman 
‘ polymerized the vinyl halides to white 
solid masses which were unaffected by 
solvents or acids. These early discov- 
eries constitute the foundations from 
which have come the commercial poly- 
merization of various vinyl compounds 
giving synthetic resins having diversified 
uses and applications. While these 
resins are formed by polymerization, 
they retain their true thermoplastic 
nature. The vinyl group of resins can 
be divided into several different series, 
each series having its own general char- 
acteristics and physical properties. 

(a) One of these series is obtained by 
the polymerization of vinyl acetate. 
These resins have relatively low moisture 
absorption, low heat distortion point, 
burn slowly, are soluble in most solvents 
except water, gasoline, and higher al- 
cohols, are colorless, odorless, tasteless, 
and non-toxic. These resins are widely 
used as adhesives and have been found 
extremely useful as an adhesive for 
cloth, paper, cardboard, porcelain, 
metal, mica, stone, leather, wood, glass, 
plastic sheets, and films. 

(6) A second series of vinyl resins is 
obtained by the co-polymerization of 
vinyl acetate and vinyl chloride. These 
are also colorless, tasteless, odorless, 
and non-toxic. They possess extreme 
chemical inertness, being unaffected by 
alkalies, oxidizing agents, and most 
acids. These resins are not compatible 
with nitrocellulose or with most resins 
or drying oils and, hence, form the sole 
film-forming constituent when used in 
the formation of surface coatings. They 
are affected by long exposure to heat 


and direct sunlight, but this can be cor- 
rected at least in part by the addition 
of stearates and the commonly used lead 
pigments. When they are to be used 
where flexibility is a factor, plasticizers 
such as the phthalates and tricresyl 
phosphate are added. ‘These resins are 
used extensively as lacquer finishes for 
sheet metal in which case they have to 
be baked out at relatively high tempera- 
tures to insure adhesion. They are also 
used as impregnating varnishes for 
cloth, paper, felt, and other fabrics. 
The impregnated material may be 
pressed into any desired shape under 
heat and it will retain this shape. These 
resins can be fabricated into many ap- 
plications. Some of these are: den- 
tures of unusual merit, music records for 
transcribing, sealing containers, closures, 
poker chips, transparent sun visors, 
lenses, tooth brush handles, starchless 
collars, all types of electrical fixtures, 
and floor tile of unusual beauty. 

(c) A third group of vinyl resins is an 
aldehyde reaction product. Probably 
its chief application is in connection 
with the manufacture of safety glass, 
where it produces a glass of exceptional 
qualities particularly as to breakage at 
low temperature. The glass is little 
affected by moisture even after long ex- 
posure, does not require sealing at 
edges after being cut, and is also easily 
cut. The resin is not discolored by ex- 
posure to light, has excellent adhesive 
qualities, and can be heated to 250 F. so 
as to permit the baking of enamels on 


equipment in which it is used. 2 sha 


Acrylic Resin: 

The acrylic resins represent another 
example of a class of resins which have 
become available through systematic re- 
search. The basic acid was prepared as 
early as 1843, and a polymerized modi- 
fication was reported in 1877. No 


serious consideration was given to their 
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commercial possibilities until many years 
later. Dr. Rohm became interested in 
their possibilities in 1901 when he pub- 
lished his researches with the acrylic 
esters. Through Dr. Rohm’s interest 
the acrylic resins were first prepared in 
quantity in this country in 1931. Their 
commerical development has progressed 
rapidly since they were first introduced 
in 1931. These resins are outstanding 
in their colorless transparency. They 
have excellent adhesion; are extremely 
elastic; and they are chemically resist- 
ant to many reagents. Their polymers 
are relatively unaffected by light, heat, 
and oxidizing agents, and they range 
from soft, sticky semiliquids to hard, 
tough thermoplastics. Various degrees 
of hardness between these limits are 
possible by proper modifications during 
their manufacture without the use of 
plasticizers. In the advent of acrylic 
resins, an organic glass came into reali- 
zation. Asa substitute for glass it finds 
application in lenses, prisms, watch 
crystals, safety goggles, lighting fixtures, 
interior decorations, advertising signs, 
and vehicle windows. Its high impact 
strength decreases the possibilities of 
danger from breaking. It is particularly 
useful in airplane and boat windows. It 
is readily formed to curved shapes even 
in two or three dimensions. It does not 
warp or shrink appreciably with age or 
with changes in humidity. It is excel- 
lent for dentures, fountain pens, spec- 
tacle frames, drawing instruments, and 
novelties. It is not only available in 
the water-white variety but in many 
colors. A polymerized derivative of 
methacrylic acid is also available as a 
cast resin in the form of sheets, rods, 
and tubes, and as a thermoplastic mold- 
ing powder. It is available in both 
forms as a crystal-clear product and a 
wide variety of brilliant transparent, 
translucent and opaque colors. The 
molding powders require plasticizers and 
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hence have physical properties slightly 
different from the crystal-clear products. 
The molding materials can be adapted 
to either compression or injection mold- 
ing. 

Cumarone Resin: 


Brief mention may be made of the 
cumar resins as thermoplastic materials. 
They may be obtained from crude coal- 
tar naphthas in the approximate boiling 
range of 150 to 200 C. Their develop- 
ment has extended over a period of some 
20 yr. They are available in a wide 
range of colors from faint yellow to 
darker colors, and in softening points from 
10 to 160 C. Being essentially a poly- 
merized hydrocarbon, they may be con- 
sidered as neutral and stable. The resin 
is insoluble in water, is not saponified or 
dissolved in alkalies, has good acid re- 
sistance, is soluble in such solvents as 
benzol and toluol, and has good weath- 
ering properties. The resin has proper- 
ties which make it particularly well 
suited as a binder in floor tile. It is 
compatible with the constituents of 
chewing gum. The grade used has 
no objectionable odor or taste, and 
in flexibility and insolubility it meets 
all chewing gum requirements. It is an 
important constituent in rubber com- 
pounding since it blends well with rub- 
ber and facilitates the milling operations. 
Its electrical properties make it well 
suited for electrical insulation service. 
It is also very useful in varnishes and 
particularly suitable for aluminum paint 
formulation. It has proven useful in 
printing ink varnishes. Road marking 
paints using this resin stand up very 
well. It is also used in the adhesive 
industry. The resin blends well with 
waxes yielding many solids of consider- 
able possibilities. It can also be com- 
bined with other synthetic resins and 
thus produce products which meet 
definite requirements not met by the 
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resin with which it is combined. It is 
quite likely that the use of cumar resin 
will amplify and supplement the thermo- 
setting resins in both molded and lami- 
nated products. 


Polystyrene: 


Another resin which is among the 
oldest of the synthetic resins is Poly- 
styrene. Its development has lagged 
behind resins of poorer qualities as a 
result of the lack of suitable manufac- 
turing facilities and methods. These 
drawbacks have been recently removed 
through systematic studies. Polysty- 
rene is derived from styrene a colorless 
liquid by the process of polymerization 
with or without calalysts. Styrene can 
be produced in a variety of ways. 
Probably the most satisfactory way is 
the process by which two hydrogen 
atoms are removed from ethyl benzene 
by pyrogenic dehydrogenation or by 
chlorination and later removing the 
hydrochloric acid. It has a defect, so 
to speak, of polymerizing at room tem- 
perature when exposed to sunlight un- 
less prevented from doing so by inhibi- 
tors. Its physical properties are largely 
determined by the conditions under 
which it is polymerized. It may be 
made so as to be extremely tough or 
quite brittle as desired. Polystyrene 
can be molded under the application of 
heat and pressure and, being a true 
thermoplastic, continued application of 
heat at molding temperatures does not 
affect it. It is chemically inert and has 
remarkable electrical insulating proper- 
ties, its dielectric losses being superior 
to those of porcelain and vastly superior 
to other resinous insulating materials. 
It also has good resistivity and dielectric 
strength. Its softening point is about 
10 deg. Cent. ,higher than that of the 
usual hard rubber. It will retain its 
shape in the molded piece up to 110 C. 
Poly- 


styrene, being itself colorless and trans- 
parent, can be easily colored to any 
desired tint. It can be used with the 
ordinary fillers up to 40 per cent by 
volume. When necessary it can be 
plasticized by use of dibutyl phthalate 
and many of the usual plasticizers. It 
is not compatible with rubber, shellac, 
cellulose esters, or ethers, and it does not 
give clear moldings with these materials. 
It is compatible though with cumarone 
resins. Polystyrene is well suited for 
dentures and, on account of its excellent 
electrical properties, for radio parts and 
similar applications. With continued 
improvements in methods and lower 
costs of materials its production is due 
to increase. 

Casein Plastics: 

Casein plastics were produced com- 
mercially in Europe as early as 1904. 
They are made from the casein obtained 
from milk, and after it is pressed into 
sheets or rods it is cured or seasoned in 
a formaldehyde solution. The sheets 
or rods are then dried and straightened. 
This curing and subsequent drying takes 
considerable time, requiring six weeks 
for sheets } in. thick and about six 
months for rods over § in. in diameter. 
The usual sheet is 16 by 20 in. and of 
thicknesses under 3 in. Tubing is also 
made but if the bore of the tube exceeds 
one-half the outer diameter, the tube is 
likely to become oval while it is being ex- 
truded. Casein products are somewhat 
hygroscopic, and pieces larger than 4 
in. square are likely to warp. The most 
important use of casein is for small arti- 
cles where color, appearance, and dura- 
bility are the first considerations. When 
molded to shapes of varying dimensions 
and thicknesses, it cures more readily 
in the thinner sections than in the thick 
and hence gets out of shape when re- 
moved from the mold. It is for this 
reason that casein has never been made 
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Casein 


available as a molding powder. 
plastics are made in a wide range of 
opaque and translucent plain colors, 


and many mottled effects. They are 
made so as to imitate horn, metallics, 
mosaics, jades, precious stone effects, 
and even pearl. The material can be 
machined readily and takes a fine and 
lasting polish. Its principal use in this 
country is for buckles, buttons, slides, 
and accessory trimmings, and to some 
extent in the manufacture of electrical 
equipment and appliances. 


OTHER APPLICATIONS OF PLASTIC RESINS 


Besides the use of resins in molding 
compounds, laminated materials and 
applications already discussed, there 
are many other places in which their 
commercial importance is ever on the 
increase. Among these mention may 
be made of the following: some of the 
resins are used as a basis of the heat 
hardenable varnishes, enamels, lacquers, 
cements for binding different materials 
together, lamp basing cements, and bris- 
tlesetting cements. Other resins consti- 
tute the basis of many air-drying var- 
nishes, lacquers, and finishes. Again the 
use of synthetic resins in connection with 
improving the properties of paints is 
constantly increasing. The application 
of synthetic resins to these fields has 
increased from only small quantities a 
few years ago till at the present time the 
amount of resin used in all the paints, 
varnishes, and finishes constitutes a rea- 
sonable fraction of the resins produced. 

It has only been possible to speak of a 
few of the many types of plastic resins 
that are now available commercially. 
During the past 20 yr. the number of 
useful ones has increased through the 
efforts of systematic research from a few 
till now there is a host of them each 
having certain specific properties dif- 
ferentiating it to a more or less extent 
from all others. At first the applica- 
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tion of synthetic resins to plastics and 
other products was somewhat of a speci- 
alty or novelty. This has now taken on 
an entirely different aspect in that they 
now constitute an integral part of our 
industries and promise to become of ever 
increasing importance in the future. 
TESTING OF PLAsTICs 
Originally it was planried that a con- 
siderable portion of this discussion would 
be given to the consideration of methods 
of testing plastics. In order that it not 
be unnecessarily prolonged, however, I 
will limit what I have to say on methods 
of testing to a brief consideration of the 
development of the method of testing 
the tensile strength of molding com- 
pounds, as furnishing an example of the 
process by means of which our methods 
of test are shaped into their existing 
forms. Due to the introduction of the 
phenolic compounds into the electrical 
industry, interest arose in the developing 
of methods of testing their properties, 
among which was tensile strength. The 
question arose as to the form of speci- 
men to use to determine tensile strength 
and also how this specimen should be 
held in the tension testing machine. 
Those interested in testing cements had 
already designed a figure-eight shaped 
specimen which could be formed in a 
suitable mold, and in being tested it 
could be held in specially constructed 
holders instead of being clamped in 
friction jaws. As this same shaped 
piece could be readily made from mold- 
ing compounds in a suitable mold, it was 
used as a tension test specimen for these 
materials for several years during the 
early growth of the phenolic molding 
industry. The specimen and_ holders 
are shown in Fig. 1. The specimen had 
a uniform thickness of 3} in. and was 1 
in. wide at the narrowest part changing 
immediately on both edges by sharp 
curves to the widerends. In testing, the 
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specimen rested in suitable holders on 
the curved portions of the edges so that 
the piece and holders were practically 
self aligning. In general, the piece 
broke at its smallest cross-section. An 
- occasional break for certain materials 
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strength of molded materials which had 
been obtained by a type of specimen in 
the form of a spool having narrow cir- 
cular cross-section at its middle point 
were always considerably higher than 
those obtained by means of the flat 
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occurred in the wider portion under the 
point on contact of the holders. Indica- 
tions that the values of tensile strength 
obtained by this specimen were low 
came from two different sources. The 
first of these w was the the ‘fact that the tensile 
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figure-eight specimen. The other one 
arose from work that had been under- 
taken to determine the tensile strength 
of laminated materials. It had been 
the custom to determine the tensile 
strength of laminated materials using a 
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test specimen of uniform width cut from 
a sheet of the material. For the 
straight pieces, it had been observed that 
the specimens broke more frequently 
either within the grips or close to them 
rather than nearer the middle portion 
of the piece. Inorder to see whether the 
grips were actually affecting the values 
for the laminated materials, test speci- 
mens were prepared which had a portion 
having a straight section of uniform 
width say 1 in. at its middle and then 
changing to wider end sections by vari- 
ous radii of curvature from ? to 3 in. 
With this type of specimen, consistently 
higher values were obtained for the 
tensile strength of laminated materials 
than had been obtained using the 
straight piece of uniform width through- 
out. In addition the specimens always 
broke either within the narrower section 
at the middle or where the curvature to 
the wider section began. The values 
obtained with the pieces having the 3-in. 
radius of curvature were consistently the 
highest and most uniform. These facts 
being observed for laminated materials, 
the question arose as to whether the 
jaws holding the figure-eight molded 
piece were not influencing the results. 
To test this, specimens were prepared by 
machining which had a long section at 
the center of uniform thickness and 
width and then changed to a wider sec- 
tion at both ends so as to be held in the 
regular jaws for the figure-eight speci- 
mens. These specimens always broke 
near the holders and gave values no 
higher than the figure-eight specimens. 
Then specimens were prepared having 
larger radii of curvature so that the 
change from the uniform narrow middle 
portion to the wider ends was more 
gradual. These specimens gave con- 
sistently higher values than had_ been 
obtained previously. These observa- 
tions definitely indicated the fact that 
the tensile strength of the figure-eight 
specimens was being affected by the 
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compressive actjon of the holders on the 
edges of the specimen. All these results 
indicate that in order to obtain tensile 
strengths of molded materials which 
would be unaffected by the methods of 
holding the specimen during the test, 
it would be necessary that the specimen 
have a reduced section where the break 
was to occur at its middle portion which 
would change by as large a radius of 
curvature as possible to a much heavier 
section at each end where it was to be 
held. Then the specimen must be such 
as to be readily molded. 

Further studies led to the fact that if 
the piece was to be kept relatively short, 
it would have to be made with a change 
in thickness from the reduced section 
at the middle as well as a change in 
width in order to insure a break which 
would not be influenced by the compres- 
sive action of the holders. The present 
tension test specimen is the result of 
these studies. The specimen and hold- 
ers are shown in Fig. 2. This specimen 
has a uniform sectoin % in. long, 1 in. 
wide, and } in. thick at A its mid-portion 
The thickness then changes by means 
of 3-in. radii of curvature on each side 
from this }-in. thickness at the middle 
to a uniform thickness of # in. at each 
end, B. The width also changes from 1 
in. at the middle by means of 3-in. radii 
of curvature on each edge till the width 
is 1? in. at each end. The specimen is 
held in special grips which allow the 
specimen to rest its wider portion on its 
edges in holders made to fit the 3-in. 
curvature. Held in this way the speci- 
men is practically self aligning and the 
compressive action of the grips has no 
influence on the strength obtained as 
they are well removed from the section 
of smallest area where the breaks occur. 
The curvatures of 3 in. from the central 
reduced section to the wider ends do not 
completely remove the possibility of 
there being a non-uniform distribution 
of stress in the reduced section at the 
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time of break. The ideal specimen for 
such tests would be one that is circular 
in cross-section at the reduced portion 
at the center, and would change by large 
radii of curvature to ends of considerably 
larger area of cross-section and which 
could be held in satisfactory self-align- 
ing jaws at the ends. However, such 
a specimen is not well suited for all 
types of material though it would be 
quite satisfactory for materials that 
could be molded by injection molding. 
The present specimen is then a sort of 
compromise so as to be molded relatively 
quickly. While this tension test speci- 
men has proven to be quite satisfactory 
for the materials for which it was origi- 
nally developed, it is not at all impossible 
that its continued use even in testing 
such materials and especially its appli- 
cation to the newer plastics may lead to 
information which will result in still 
further modifying the specimen or in 
fact to the development of entirely dif- 
ferent ones adaptable particularly to 
given materials. 

In a similar manner, the development 
of the test specimens used in the de- 
termination of other physical properties 
of plastics could be outlined. In the 
development of the tension test speci- 
men, it was unnecessary to give much 
consideration to the method of test 
since there was an unlimited amount of 
experience available in connection with 
methods of determining tensile strength. 
This has by no means been the case 
with other methods of test such as im- 
pact, dielectric strength, resistivity, and 
power factor. In some of these the 
development of the method such as 
that for power factor has been far more 
important and difficult than has the 
determination of a suitable specimen. 


SIGNIFICANCE OF TESTS 


Before closing I should like to make a 
few statements relative to the signifi- 
cance of tests. We are all interested in 
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being able to obtain as nearly an accu- 
rate value of the physical and chemical 
properties as possible. We wish to 
know what is the proper value to be 
ascribed to a given property of a ma- 
terial. Having once established this, 
then the question arises as to just what 
do the results signify to us as con- 
sumers and as producers. In some 
respects they will mean the same to 
both consumer and producer. In others 
the test results may be used quite dif- 
ferently. Thus the producercan use the 
results of his tests to guide him in main- 
taining uniformity in his product. He 
can use the results for determining the 
uniformity and constancy in his raw 
materials, for determining whether his 
processes are sufficiently controlled, 
for determining the relative merits of 
different raw materials, for determining 
the suitability of his product for specific 
uses, and for the improvement of both 
processes and products. The consumer 
on the other hand needs to know the 
various properties of the articles he is 
purchasing in order that he may be sure 
they will meet the requirements placed 
upon them in service: that he may 
know whether the article will function 
properly in a given application, that he 
may be guided in substituting a so-called 
cheaper or better article for one now in 
use which has proven satisfactory. An 
intelligent interpretation of test results 
on the part of both consumer and pro- 
ducer, will result in improved products, 
less expensive products, and more satis- 
factory functioning of equipment and 
apparatus in which they are used. 

While this discussion has only touched 
upon a few of the phases of plastics and 
their applications, it is evident that 
plastics and plastic compounds occupy 
a very important place in our every-day 
life and promise through continued re- 
search to be of ever-increasing value to 
our civilization. 
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metal are known. 


neering material. 


In the various fusion-welding proc- 
esses the edges of the parts being 
joined and generally some additional 
filler material are fused together to form 
the joint. This fused metal is called 
weld metal. In this paper weld metal 
will refer to the fused metal produced 
by the metallic arc with either bare or 
covered electrodes. 

Although the metallic arc process is 
old, weld metal as an important engi- 
neering material is relatively new. With 
the bare electrodes formerly used the 
quality of the weld metal was suitable 
only for making repairs or for joining light 
material. The stresses to which the welds 
were subjected in these applications were 
often very small and an accurate knowl- 
edge of the properties of the weld metal 
was unimportant. With the perfection 
of covered electrodes within the past 
fifteen to twenty years the metallic arc 
process has been developed from a repair 
tool to one of the most important meth- 
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: WELD METAL AS AN ENGINEERING MATERIAL AND 
SOME METHODS OF TESTING 


By L. J. Larson! 


SYNOPSIS 


This paper discusses the physical tests, chemical analyses and metallurgical 
studies used in the investigation of weld metal. 
it has been necessary to develop new types of tests and to modify standard 
test procedures to obtain the desired data on weld metal. 
chemical and metallurgical studies, the factors governing the quality of weld 
With this knowledge it is possible to control the welding 
process so as to produce weld metal that is uniform and reliable as an engi- 


In addition to standard tests 


As a result of 


ods of joining metals, both in the 
factory and in the field. 

In the various applications of weld- 
ing, the weld metal is subjected to the 
same kinds of stresses as the material 
being welded, that is tension, compres- 
sion, and shear. The loads may be 
static or they may be alternated or re- 
peated, and they may be applied slowly 
or with impact. The structures may 
operate at room temperature, at tem- 
peratures as high as 1000 F., or at sub- 
zero temperatures. Ina structure such 
as a pressure vessel in which the shell 
sections are welded with butt joints of 
the same thickness as the shell, the weld 
metal is called upon to withstand the 
same stresses and operating conditions 
as any portion of the plates from which 
the vessel is constructed. Inasmuch as 
the weld metal is subjected not only to 
the same kind of stresses as the base 
metal but to stresses of as great or 
greater magnitude, it is just as important 
to know the mechanical properties of 
the weld metal as to know the mechani- 
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cal properties of the material being 
welded. 


MetHops oF TESTING GENERALLY 
UsED 

In the study of weld metal, physical 
tests, chemical analyses, and metal- 
lurgical examinations have been em- 
ployed. It has been possible to use 
many of the standard tests, but it has 
also been necessary to develop some 
new tests or to modify standard test 
procedures to obtain the desired data on 
weld metal. Some of the physical tests 
used are designed to determine the prop- 
erties of the weld metal and others to 
investigate the strength of the welded 
joint. 

Physical Tests: 

The determination of the properties 
of weld metal requires specimens con- 
sisting entirely of weld metal and offers 
some difficulties not encountered in the 
study of other materials. Most metals 
occur in the form of castings, plates or 
bars from which test specimens can be 
readily obtained. Weld metal is de- 
posited in beads which may be triangu- 
lar in cross-section as in fillet welds or 
either triangular or nearly rectangular 
in cross-section as in butt joints. When 
the cross-section is large enough, a 
standard }-in. round specimen of weld 
metal can be turned and the yield point, 
tensile strength, elongation, and reduc- 
tion of area of the weld metal can be 
determined by the usual methods. If 
the weld is too small to obtain a 3-in. 
round specimen, a flat tension speci- 
men, taken parallel to the weld and 
consisting largely of deposited metal 
with a small amount of plate material 
along the sides or edges, may be used. 
Tension tests on such specimens give 
good approximations of the values for 
the properties of the weld metal. A 
rectangular tension specimen parallel to 
the weld and wide enough to include all 
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of the stock affected by the welding and 
some unaffected plate material is useful 
in indicating the relative ductility of the 
weld metal and the adjacent plate ma- 
terial. When such a specimen is tested, 
if the weld metal is brittle, it will crack 
and start a tear in the plate material 
which may result in an ultimate load 
considerably below the combined 
strength of the weld and the plate ma- 
terial. Under certain conditions some 
types of material may be hardened or 
embrittled adjacent to the weld and the 
fracture may start in the affected zone 
of the plate. This type of test indicates 
the presence of a brittle zone even when 
the material in such a zone has ample 
strength, whereas a test of a tension 
specimen across the weld may not 
reveal this condition. Failures in serv- 
ice of brittle weld metal joining mild 
steel plates which were subjected to 
tensile stresses parallel to the weld have 
occurred. 

The strength of a welded joint is 
generally determined from flat tension 
specimens taken across the weld. When 
such specimens have a parallel section 
extending several inches on either side 
of the weld, the failure may occur in 
the stock instead of in the welded zone. 
The values obtained from such speci- 
mens are not, as a rule, the properties 
of the weld metal. The-yield point ob- 
tained by the drop of the beam is likely 
to be the yield point of the stock since 
the weld metal usually has a higher 
yield point than the plate material. By 
the divider method the yield point of 
the weld metal can also be obtained if 
the gage points are located in the weld. 
The tensile strength of the weld metal 
is obtained only when the fracture occurs 
in the weld. The percentage elonga- 
tion is a composite value for stock and 
weld metal unless the gage line used is 
short enough to include only one or the 
other. When failure occurs in the 
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stock, thé elongation value obtained 
from such specimens is no indication of 
the ductility of the weld metal. A 
modified tension specimen, known as a 
reduced-section tension specimen,?* has 
heen developed to obtain more informa- 
tion on properties of weld metal. In 
this specimen, which is taken across the 
weld, the length of the parallel section 
is only slightly greater than the width 
of the weld, and the failure must occur 
in the weld or very close to it. The 
tensile strength of the weld metal may 
thus be obtained even when it is some- 
what stronger than the stock. This 
test is also very effective in disclosing 
any weakness in the fusion zone if such 
weakness exists. 

In order to obtain more information 
as to the ductility of weld metal a test 
known as a free bend has been de- 
veloped.?* The specimen for this test 
is taken across the welded joint with the 
weld in the middle and has a width of 
15 times the thickness of the plate. 
The weld reinforcements are removed 
and the corners of the specimen are 
rounded to a radius of about ;'5 the 
thickness of plate. The specimen is 
kinked or bent near the third points 
after which it is set up in a testing ma- 
chine as a column. As the load is ap- 
plied the specimen gradually bends into 
the form of a U. The elongation of the 
weld metal is obtained from measure- 
ments of the change in length between 
gage points located in the weld on the 
outer surface of the bend. Most of the 
welding is generally from one side of the 
plate, and this side is made the outside 
or tension side of the bend specimen. 
In many cases a second specimen of the 
same dimensions, called the reverse 
bend, is bent in the opposite direction to 
show the ductility of the bottom of the 

2See A.S.M.E. Code for Unfired Pressure Vessels, 
p. 61 (1935). 


3 A.P.1.-A.S.M.E. Code for Unfired Pressure Vessels, 
p. 61-63 (1936). 


weld and to indicate whether fusion at 
the bottom of the weld is complete. 

Other physical tests to determine the 
preperties of weld metal include fatigue 
tests, impact tests, and tension tests at 
elevated temperatures. .These are gen- 
erally not required as acceptance tests 
in connection with a particular structure 
but are part of a general study of weld 
metal. 

In addition to the physical tests men- 
tioned above which are of a quantitative 
nature, a number of qualitative tests 
have been devised for checking the 
soundness of welds. Lack of soundness 
may be due to porosity or gas pockets, to 
slag inclusions, and to cracks. The 
tests for detecting these defects may be 
divided into two general classes: de- 
structive and non-destructive tests, the 
latter being applied to welds in the 
finished structure. 

Two destructive tests have been used 
to a considerable extent: the nick break 
test and the specific gravity test. In 
the nick break test a specimen having 
about the same dimensions as the bend 
test specimen is supported as a beam and 
broken through the weld by a sharp 
blow. In order to cause the fracture to 
take place in the weld a saw cut or V 
groove is made in the weld at each edge 
of the specimen and the specimen is 
placed on edge on supports so these 
notches are on the top and bottom of the 
test specimen, respectively. From a 
visual examination of the fracture con- 
clusions can be drawn as to the degree 
of porosity and other defects. The 
presence of coarse crystalline and brittle 
zones in the weld is also shown by this 
test. 

In the specific gravity test the density 
of the weld metal is determined either 
directly by immersion in water or by 
computation from the weight and dimen- 
sions of the specimen. Some weld 
metal, such as that made with bare wire, 
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which has a fine dispersion of impurities 
and small porosity may appear sound 
on a machined surface and still have a 
specific gravity as much as 3 per cent 
below that of steel. As a part of a 
program of studying weld metal, the 
specific gravity test serves to distinguish 
between types of welds which have a 
uniform and general distribution of in- 
clusions or voids and types which are 
free from such defects. As an inspec- 
tion test it is less searching than the 
usual physical tests because it explores 
only a very limited amount of weld metal 
and the specimen is located in the por- 
tion of the cross-section which is least 
likely to contain the more serious defects 
such as slag inclusions and lack of fusion. 
With the modern types of weld metal, 
the uniformly distributed porosity is 
not much of a problem. When such 
porosity does occur, the gas pockets are 
large enough to be easily visible in the 
specimens for the physical tests and the 
specific gravity test adds very little in- 

formation not shown by other tests. 
Three non-destructive tests have been 
used. In one of these the defects in the 
welded joint are indicated by disturb- 
ances in the magnetic field as shown by 
the arrangement assumed by iron filings 
rt iron powder when the joint is mag- 
netized. This method, especially when 
iron powder is used, is sensitive in locat- 
ing cracks which come to the surface. 
For defects below the surface it indicates 
mly relatively large voids. A second 
method of locating defects is to listen 
with a stethoscope to the sound vibra- 
tions set up by tapping the structure 
with a hammer. Relatively large de- 
ects such as cracks and lack of fusion 
are detected by this method but it does 
not indicate porosity. The third method 
8 radiographic examination by means of 
ladium or X-ray equipment.* Modern 


*See Symposium on Radiography and X-ray Diffraction 
Methods, Am. Soc. Testing Mats. (1936). (Available as 
*parate publication.) 
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X-ray machines are capable of pene- 
trating steel up to 4 and possibly 5 in. 
thick with a sensitivity sufficient for 
practical purposes. Radium can be 
used on much greater thicknesses, but 
the sensitivity is less on these heavier 
sections. 
ence of all types of defects such as 


Radiographs reveal the pres- : 


porosity, slag inclusions, lack of fusion, 


and cracks. 
indicate the properties of a given type 
of weld metal and radiographs to insure 
that the welds in the structure are 
sound, uncertainties as to the properties 
of the welds in a structure are elimi- 
nated. However, radiographing is rela- 
tively expensive and is, therefore, used 
only on welds in structures subjected 
to hazardous service conditions. 


Chemical Analyses: 


The elements which determine the 
properties and behavior of mild steel are: 
carbon, manganese, phorphorus, and 
sulfur. The methods of analyzing com- 


With physical tests 


mercial steels for these elements are well — 
known and the same methods are used | 


in analyzing weld metal. In addition to 


the above-mentioned elements, 


metals may contain silicon, nitrogen, 


and oxygen in significant amounts. 


The methods of analyzing for silicon and 
nitrogen are well established and can be 
carried out in any well-equipped labora- 


tory. For the determination of oxygen 


the vacuum fusion method is the most 


satisfactory process, but it requires 


special equipment which is not available 
in many laboratories. Although the 
process was developed to analyze com- 


mercial steels, its use in the study of 


weld metal has resulted in modifications — 


and improvements in the process. 
The equipment used for the vacuum 


fusion process consists essentially of a 
small induction furnace connected to 


suitable pumps for evacuating the sys- 
tiem and reservoirs for collecting the 
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gases given off by the test sample. The 
specimen to be analyzed, a cylinder 
about 11 mm. in diameter and 35 mm. 
long, is carefully cleaned, weighed, and 
placed in a holder in the head of the 
furnace. With the system, including 
the furnace, sealed gas tight, the furnace 
is heated to the desired temperature for 
melting the sample and the system is 
evacuated to 0.05 mm. mercury or less. 
The specimen is then dropped into the 
furnace and the gases given off by the 
molten steel are collected. This gas 
sample is analyzed to determine the 
percentages of oxygen, nitrogen, and 
hydrogen. 
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metal. 


done much to explain the behavior of 
weld metal. 


Metallurgical Examination: 


The methods used in the metallurgical 
study of weld metal have been the same, 
in general, as those used in the study of 
commercial steels. Some special heat 
treatments and tests have been used to 
bring out certain characteristics of the 
metal. Among these are the “nitride 
anneal” to precipitate the nitrogen 
when present in sufficient amounts; hot 
shortness tests to indicate excessive FeO; 
and the Fry test to indicate ; an aging 


TABLE I.—MECHANICAL PROPERTIES OF WELDS AND PLATE. 
Elonga- | Reduc- | | cha 
Type of | Yield Point, Tensile Strength, | tion in | tion of | Elonga- 
Electrode Plate Thickness, in. Ib. per sq. in. Ib. per sq. in. 2in., | Area, | tion, | Ima 
| percent | percent | per cent |_ 
4 (as welded) 40 000 to 45 000, 50000 to 60000) 6to 15 15to 30) .... 
Bare 1 (stress relieved) | 20000 to 45000, 25 000 to 55000) 1to 7, Oto 7; 1to12) 1to 2 
Covered...... 4 (as welded) 40 000 to 55 000, 55 000 to 70000 20to 25) .... 30 min.| . 
Covered 1 (stress relieved) | 40000 to 55000, 55 000 to 70 000, 25 to 40, 40 to 70 30 min. | 25 to 45 
Covered........ Over 1 (stress relieved) | 40000 to 55000 55000 to 70000 25 to 40, 40 to 70) 30 min. | 25 to 45 


0.20 to 0.30 per cent carbon steel plate | 


— 


A modification of the vacuum-fusion 
process, known as the “fractional 
vacuum fusion,” has been developed by 
Reeve.’ Taking advantage of the fact 
that the oxides, FeO, MnO, SiO, and 
Al,O; are reduced by carbon at different 
temperatures, Reeve worked out a pro- 
cedure for separating the oxygen into 
three fractions, namely, FeO, MnO; 
SiO.; and Al.O;. Although he did not 
attempt to give the percentages of FeO 
and MnO separately, he observed that 
FeO comes off more rapidly and at a 
lower temperature than MnO and it is 
thus possible to estimate roughly the 
amount of each. The information ob- 
tained from the fractional method has 


5 Lewis Reeve, “Improvements in Vacuum Fusion 
Method for Determination of Gases in Metals,” Trans- 
actions, Am. Inst. Mining and Metallurgical Engrs., Vol. 
113, p. 82 (1934). 


30 000 to 40 000 


| 
55 000 to 65 000, 35 to 50, 50 to 70 ....... 20 to 30 


RESULTS OF TESTS 
Physical Tests: 


Mechanical properties of welds made 
with bare and with heavily covered 
electrodes are given in Table I. For 
purposes of comparison, values are also 
given for 0.20 to 0.30 per cent carbon 
plate material. For welds in j-in. 
plates the results are given for the 
as-welded condition, that is without 
stress relieving since structures built of 
material of this thickness are seldom 
stress relieved. For the welds in the 
heavier plates, the values given are for 
the stress-relieved condition. 

The yield point, tensile strength, 
elongation and reduction of area of welds 
in plates 1 in. thick and heavier were 
obtained on }-in. round specimens of 
weld metal. The bend elongations were 
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obtained by the method previously de- 
scribed, on flat bars taken across the 
weld. The keyhole notch type of speci- 
men was used for determining the 
Charpy values. For welds in 4-in. 
plates the values given were obtained on 
specimens taken along the axis of the 
weld. The bend specimens and the re- 
duced section of the tension specimens 
were } by 3 in. in cross-section. 

The results for welds in plates 1 in. 
and heavier made with covered elec- 
trodes are based on tests of well over a 
hundred specimens of each type except 
the impact values which are based on 
about twenty tests. Many of the speci- 
mens used in these tests were from pro- 
duction welds in material of various 
thicknesses up to 4} in. 

The number of specimens tested of 
welds made in 1-in. plates with bare 
wire was not so great. Bare wire is not 
used in production for welding plates 
as heavy as 1 in. and the tests were 
limited to welds made specifically for 
test purposes. Five tension specimens 
of weld metal and eight specimens 
across the weld were tested. Since 
failure of the specimens across the weld 
occurred in the weld with no apparent 
deformation in the plate material, these 
specimens furnished data on the ductil- 
ity and reduction of area as well as the 
strength of welds made with bare wire. 
Eight bend specimens and eight Charpy 
bars were also tested. 

From the welds made in }-in. plates 
with bare and with covered electrodes, 
two tension and two bend specimens 
taken along the axis of the weld were 
tested. A number of other specimens 
taken across the weld showed that the 
welds made with bare and with covered 
rods both had tensile strengths equal to 
the strength of the plate used, or about 
56,000 Ib. per sq. in. 

A study of the values given in Table I 
shows a number of interesting and sig- 


nificant facts concerning weld metal. 
Welds made with bare wire in }-in. 
plates have a yield point and tensile — 
strength comparable with those of mild 
steel but the ductility values are rather 
low. In 1-in. plates the yield point and 
tensile strength may be fairly high in 
some specimens, but in other similar 
specimens the strength may be ey 
low and there is no true yield point. 
The elongations in both the tension and 
the bend specimens, the reduction of 
area, and the Charpy impact values are 
all low and in some cases may be nearly 
zero. 

Welds made with covered electrodes 
in all three thicknesses of plate have a 
yield point higher than and a tensile 
strength equal to or higher than the cor- 
responding properties of mild steel. In 
j-in. plates the ductility of the welds 
without stress relieving is lower than 
that of the plate. Welds in heavier 
plates have elongation and reduction of 
area values comparable to those of the 
stock, and the Charpy impact values are 
higher than those of the plate material. 
The values given for the bend elonga- 
tions of the weld made with covered 
electrodes are not the elongations at 
rupture. In the routine bend test of 
production welds the test is stopped 
when the elongation reaches 30 per cent, 
since this is all that is required by the 
various codes. On specimens carried to 
failure, elongations of as much as 100 
per cent have been obtained. In some 
cases, specimens may bend flat on them- 
selves without failure. It will be noted 
that neither the strength nor the ductil- 
ity of welds made with covered elec- 
trodes decreases as the thickness of the 
stock increases. Welds in plates as 
thick as 6 in. have shown strength values 
greater than those of the stock. This 
is significant from a practical standpoint 
and indicates that this type of welding 


Charpy 
Impact, 
ft-lb. 


is suitable for the range of thicknesses 
of plates commercially available. 
Other types of physical tests have 
shown that weld metal made with 
properly covered electrodes has proper- 
ties similar to mild steel. The long- 
time tensile strength at 900 F. of such 
weld metal is about 18,000 lb. per sq. 
in., which is also the strength of 0.20 to 
0.30 per cent carbon steel. Fatigue 
tests show that the endurance limit of 
welds made with covered electrodes and 
of mild steel are 30,000 lb. per sq. in 
which is about twice the endurance 
limit of welds made with bare wire. 


TABLE II.—CuHEMICAL AND GAs ANALYSIS AND 
MECHANICAL PROPERTIES OF WELDS 
AND OF PLATE MATERIAL. 


Weld 
Weld | Made 
Made | with Plate 
with Cov Mate- 
Bare ered rial 
Wire | Elec- 
trode 
0.02 0.08 | 0.19 
Manganese, per cent..........| 0.09 | 0.57 0.56 
0.25 0.01 
Phosphorus, per cent.......... 0.012 | 0.012 | 0.028 
Sulfur, per cent...............| 0.027 | 0.023 | 0.022 
ee 0.298 | 0.072 | 0.024 
Nitrogen, per cent... . .....| 0.131 | 0.010 | 0.004 
Yield point, lb. per sq. REE: 44 200 | 44 300 | 35 000 
Tensile strength, Ib. per sq. in...) 53 800 | 57 500 | 56 500 
Elongation in 2 in., per cent | 6.0 37.5 | 45.0 
Reduction of Area, per cent. | 6.3 68.7 63.9 


In addition to the bare and covered 
electrodes previously discussed, there 
have been developed and used a number 
of types of electrodes with dusted, 
washed, and lightly dipped coatings. 
The mechanical properties obtained by 
the use of such electrodes range from 
those of bare wire welds at one extreme 
to those of welds made with covered 
electrodes at the other. The properties 
of the weld metal produced by these 
various electrodes depends upon the 
effectiveness of the coating in protect- 
ing the metal while it is being deposited 
as will become more evident from the 
results of chemical analy ses and metal- 
lurgical studies. 
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Chemical Analyses: 


The behavior of various types of weld 
metal is largely explained by the chemi- 
cal analyses of the deposited metal. 
Analyses and mechanical properties of 
one weld made with bare and one with 
covered electrodes and of the mild steel 
in which the welds were made are shown 
in Table II. Referring to Table II it 
will be seen that the weld made with 
bare wire is low in carbon and manga- 
nese. Without further information this 
metal would be expected to be soft and 
ductile and quite similar to pure iron. 
Silicon, phosphorus and sulfur are pres- 
ent in about the same amounts in this 
weld metal and in mild steel and should 
have no more effect on the weld than 
on the plate. A comparison of the 
oxygen and nitrogen contents of weld 
metal made with bare wire with those 
of mild steel shows a striking difference. 
This weld metal has about twelve times 
as much oxygen and thirty-three times 
as much nitrogen as the steel plate. 

Comparing the analyses of welds made 
with covered electrodes with those of 
the plate, it is noted that the carbon in 
the weld is less than one-half as much, 
and the manganese, phosphrous, and 
sulfur are about the same as in the plate. 
The silicon in the weld corresponds to 
that in a silicon killed steel. This 
amount of silicon has very little effect 
on the properties of steel except for its 
killing action. The oxygen content of 
this weld is three times and the nitrogen 
content two and one-half times as much 
as that of the plate material. 

It is generally understood that both 
oxygen and nitrogen may exert pro- 
nounced effects on the properties of steel 
when present in sufficient amounts. An 
excessive amount of oxygen makes the 
steel hot short within a certain tempera- 
ture range and a high nitrogen content 
causes the material to age harden. 
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Both oxygen and nitrogen tend to in- 
crease the strength and decrease the 
ductility of steel at room temperature. 

Hoyt® found that a heat of pure iron 
which was oxidized during melting was 
hot short. He also found that weld 
metal made with bare wire was hot 
short and that made with covered rods 
were not. In the strain aging test he 
found that the former was etched dark 
by the Fry reagent and the weld made 
with the covered rod showed no Fry 
lines, indicating that the former is 
aging and the latter is non-aging. 
Hensel and Larsen’ concluded from their 
tests that the increase in hardness of 
arc welds during aging is dependent 
upon the nitrogen content and that the 
nitrogen must be below 0.05 per cent to 
eliminate aging effects. 

The fact that welds made with cov- 
ered electrodes, containing up to 0.08 
per cent oxygen, are not hot short, 
whereas an oxidized steel containing this 
amount of oxygen is hot short, cannot 
be explained on the basis of total oxygen 
content. However, when the results of 
the fractional oxygen analysis are con- 
sidered an explanation is found. 

Figure 1 shows fractional oxygen 
analyses of the welds and plate material 
for which the chemical analyses are 
given in Table II. The total nitrogen 
contents of these three samples are also 
shown in this figure. It is noted that 
nearly all of the oxygen in the bare-wire 
weld appears in the first fraction as FeO 
and MnO. It has been observed in 
analyzing this type of weld metal, that 
the gas in the first fraction comes off 
rapidly which, according to Reeve,* 


*S. L. Hoyt, “Studies on the Metallurgy of Arc De- 
posited Weld Metal,” Transactions, Am. Soc. Metals, Vol. 
23, p. 61 (1935). 

7F. R. Hensel and E. I. Larsen, “Age Hardening 
Phenomena in Typical Fusion Weld Metal,” Transactions 
Am. Soc. Steel Treating, Vol. 19, p. 639 (1932). 

SLewis Reeve, “Improvements in Vacuum Fusion 
Method for Determination of Gases in Metals,” Transac- 
tions, Am. Inst. Mining and Metallurgical Engrs., Vol. 113, 
92 (1934). 
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indicates that it is largely FeO. Com- 
putations also show that most of the 
oxygen must be combined with iron. 
This particular weld had 0.09 per cent 
manganese, and, if all the manganese — 
were in the form of MnO, it would com- 
bine with less than 0.03 per cent of 
oxygen leaving over 0.25 per cent oxygen 

as FeO. Referring again to Fig. 1, it 
is seen that most of the oxygen in the 
weld made with the covered rod is in 
the form of SiOz, and only a small 

amount is in the form of FeO and MnO. 
From the rate of gas evolution during 

the analysis it is assumed that most of 


w 


O> as Al, 03 
O>as Si0> 
0,asfe0 &Mn0 


a. 

50.2 

3° Total Nitrogen 

6 fe) | 
Weld Made with Weld Madewith Plate 
Covered Electrode Bare Wire Material 


Fic. 1.—-Chart Showing Nitrogen and Fractional 


Oxygen in Welds and Plate. 


even this small amount is MnO. The 
data from which this chart was drawn 
show that the specimen contained 
0.058 per cent oxygen combined with 
silicon as SiO» and 0.005 per cent oxygen 
combined with Mn, assuming that all 
of the FeO-MnO fraction is MnO. 
This weld analyzed 0.57 per cent man- 
ganese and 0.25 per cent silicon as 
shown in Table II. Deducting the 
manganese combined with the oxygen 
(0.017 per cent Mn) from total manga- 
nese and the silicon combined with 
oxygen (0.05 per cent Si) from total 
silicon, there still remains 0.55 per cent 
manganese and (0.20 per cent silicon in 
the metallic form which corresponds to 
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a well-killed steel. When the fractional 
oxygen analysis of the weld metal made 
with covered electrodes is compared 
with that of the plate material, it is 
seen that the weld metal has approxi- 


mately one-half as much oxygen in the 
_ first fraction as the plate. Since iron 


oxide is the harmful form of oxygen, it 
is only logical that the weld should 
_ show no ill effects due to oxygen. 
The results of chemical analysis in- 
cluding fractional vacuum fusion indi- 
cate the importance of weld-rod cover- 
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Metallurgical Studies: 


The results of metallurgical studies ori 
weld metal have served to verify the 
findings of chemical analyses and to ex- 
plain the behavior of various types of 
weld metal. In Fig. 2 are shown sec- 
tions through welds made with bare and 
with covered electrodes. The weld 
made with bare wire had the following 
chemical analyses: carbon 0.01 per cent, 
manganese 0.09 per cent, silicon 0.01 
per cent and nitrogen 0.139 per cent. 
This weld was made in the same manner 


Fic. 2. 
U pper left—bare wire etched. 
Lower left covered electrode etched. 


ings in producing weld metal with 
suitable properties. In welding with bare 
electrodes the desirable elements, carbon 
and manganese, are lost and the depos- 
ited metal absorbs large amounts of the 
harmful elements, oxygen and nitrogen. 
With properly covered electrodes the 
loss of carbon and manganese is mini- 
mized and objectionable contamination 
by oxygen and nitrogen is prevented. 
Other types of coatings such as dusted, 
washed, and lightly dipped improve the 
weld metal in proportion to the amount 
of protection furnished by the coating. 


Cross-Seciion of Weld in 1-in. Plate (X 1). 


U pper right—bare wire deep etched. 
Lower right covered electrode deep etched. — 


as that for which the analyses are given 
in the first column of Table II and it 
will be noted that the two analyses cor- 
respond very closely. The mechanical 
properties of the weld shown in Fig. 2 
were as follows: 


Yield point, lb. per sq. in..... 41600. 
Tensile strength, lb. per sq. in. 43 900° 


Elongation in 2 in., per cent... 
Reduction of area, per cent... 0 

Bend elongation, per cent..... 1.0 
Charpy value, ft-lb... ... 1.6 


The weld made with covered electrode 
and shown in Fig. 2 is the weld for which 
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the analyses and mechanical properties 
are given in Table II (second column). 

Some of the larger voids in the weld 
made with bare wire are visible in the 
lightly etched specimen. The deep- 
etched specimens show a marked con- 
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etch test often fails by corrosion in 
service, and weld metal which shows 
very little attack in the deep etch test 
is also resistant to corrosion in service. 

Further information concerning these 
two weld metals is obtained from a study 


we 
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Fic. 3.—Junction of Weld Made with Bare 
Wire and Plate (X 100). 
Stress relieved at 1200 F. Etched with 2 per cent Nital. 


Fic. 4.—Junction of Weld Made with Covered 
Electrode and Plate (X 100). 
Stress relieved at 1200 F. Etched with 2 per cent Nital. 


am. 
4 


Fic. 5.—Unaffected Plate Stock ( 100). 


Etched with 2 per cent Nital 


trast in the darkness of the print which 
is due to the amount of attack by the 
etching solution. Although the deep 
etch is not a corrosion test, it has been 
found from experience that weld metal 
which is severly attacked in the deep 


Fic. 6.—Junction of Weld Made with Bare 
Wire and Plate (X 200). 
Annealed at 1700 F . Etched with 2 per cent Nital. 


of these specimens at a higher magnifica- 
tion. Figure 3 shows the junction or 
fusion zone of weld made with bare wire 
at 100 diameters and Fig. 4 is a similar 
photomicrograph of the weld made with 
the covered electrode. One difference 
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between the two types of welding is very 
apparent. The demarcation between 
the deposited metal and the plate ma- 
terial in Fig. 3 is very sharp whereas the 
junction between the weld and plate 
stock in Fig. 4 is scarcely visible. Both 
the weld and stock in Fig. 4 show a 
highly refined grain structure resulting 
from the heat of welding. The struc- 
ture of the plate before welding is shown 
in Fig. 5 which was taken beyond the 
zone affected by the welding heat. The 
original banded structure in the stock 
persists to a slight extent after the grain 
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was given a nitride anneal by heating to 
1700 F. and furnace cooling. In Fig. 
6, which shows this specimen at 200 
diameters, the nitride needles are clearly 
visible. For comparison, Fig. 7 shows 
a specimen of the weld metal made with 
the covered electrode after the same 
heat treatment. These results are in 
agreement with the chemical analyses 
for nitrogen on these two types of welds. 

A view at 1000 diameters of a polished 
specimen of a weld made with bare wire, 
shown in Fig. 8, offers a possible explana- 
tion for the erratic strength values of 


af 
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Fic. 7.—Weld Made with Covered Electrode 


(X 200). 
Annealed at 1700 F. Etched with 2 per cent Nital. 


is refined by the welding operation re- 
sulting in the faint horizontal lines which 
distinguish the plate from the weld in 
Fig. 4. When the plate material shows 
no banding before welding, it is practi- 
cally impossible to detect the junction 
of weld and stock after welding with 
covered electrodes. With bare elec- 
trodes the heat of welding is not suffi- 
cient to completely refine the plate 
material as is evident in Fig. 3. 

A careful examination of Fig. 3 shows 
fine nitride needles scattered throughout 
the weld. ‘To bring these out more 
clearly a specimen of this weld metal 


Fic. 8.—Shrinkage Cracks in Weld Made with 


Bare Wire, Polished ( 1000). 


this type o. weld. Several short ir- 
regular cracks joining inclusions in the 
weld are seen. Such cracks probably 
form while the metal is cooling from the 
welding heat, and, although small, they 
act as nuclei of failure when the weld is 
stressed, resulting in the low strength 
values observed for some specimens. 
For the identification of inclusions in 
metals, Hoyt and Scheil® have shown 
that reflected polarized light is very 
helpful. Using this method Hoyt® has 


_ #5. L. Hoyt and M.A. Scheil, “Use of Retlected Polar- 
ized Light in Study of Inclusions in Metals,” 7'ransactions, 


Am. Inst. Mining and Metallurgical Engrs., Vol. 116, p. 
405 (1935). 
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shown that the inclusions in welds made 
with bare wire have a high FeO content 
and welds made with covered electrodes 
have very little FeO. These findings 
agree with the results of the fractional 
vacuum fusion analysis. 


Correlation of Results of Chemical Analy- 
ses and Metallurgical Examination 
with Mechanical Properties: 


The results of metallurgical studies 
of weld metal are confirmed by chemical 
analyses including vacuum fusion re- 
sults. As a result of both methods of 
investigation it has been found that 
weld metal made with bare wire contains 
large amounts of iron oxide and nitro- 
gen whereas weld metal made with 
covered electrodes contains relatively 
small amounts of these. Results of 
physical tests of steels containing exces- 
sive amounts of iron oxide and nitrogen 
indicate that the lack of ductility and 
toughness of welds made with bare 
electrodes are due to the high iron oxide 
and nitrogen content of this type of 
weld metal. 


RESULTS OF WELDING ALLOY yen 
STEELS 


During the past few years there has 
been an increasing demand for the use 
of welding in fabricating structures of 
alloy steels of both the low-alloy and 
the corrosion-resistant types. The re- 
ported data on alloy welds are meager 
compared with the data on carbon- 
steel welds because much more welding 
has been done on carbon steel. With 
the background obtained from studies of 
welds in carbon steel it is not necessary 
to make such an extensive investigation 
of alloy welds. For most purposes, 
physical tests, routine chemical analy- 
ses, and in some cases corrosion tests are 
sufficient. 

The mechanical properties of weld 
metal suitable for welding some of the 


more commonly used alloy steels are 
given in Table III. For the carbon- 
molybdenum, nickel, and chromium- 
vanadium steels, 3-in. round all-weld 
metal specimens were used. For the 
three chromium steels flat tension speci- 
mens along the weld were tested because 
these materials were from } to 4 in. 
thick and the }-in. round specimens 
could not be obtained. 

These results are average values. 
From ten to twenty specimens of each 
type of weld were tested except the 
stainless 18 per cent chromium, 8 per 
cent nickel alloy which had six and the 4 


TABLE ILL.-—MECHANICAL PROPERTIES OF 
WELD METAL FoR SOME ALLOY STEELS. 
| Ee 
| gz | | 
Kind of Steel | | | 
| of | sh 
. 
| | Es 
Carbon-molybdenum (Mo 0.40 to 
0.60%) 57200 | 72900 | 27.9 


Nickel (Ni 2.0%) 
Chrom-vanadium (Cr 1.0%, V 

0.20%) 
Chromium (Cr 4.0 to 6.0%, Mo 

0.40 to 0.60%) 42 300 | 77 300 | 30.8 
Stainless (Cr 16 to 18%)........ 58700 | 85000 | 22.5 
Stainless (Cr 18%, Ni 8%)...... } 46500 | 75200) 22.5 


60 900 | 74400 | 25.6 
74 800 | 91100) 18.5 


to 6 per cent chromium alloy which had 
three tension specimens. In addition . 
to the tension specimens of the 4 to 6 
per cent chromium material, several 
bend specimens were tested and these 
all showed elongation of over 30 per cent. 
Also, tension specimens across the weld 
developed the strength of the plate ma- 
terial. 

The welds in the carbon-molybdenum, 
nickel, and chromium-vanadium steels 
were all stress relieved at 1200 F. The 
4 to 6 per cent chromium specimens were 
annealed at 1600 F. and the 16 to 18 per 
cent chromium specimens at 1400 F. 
The 18 per cent chromium, 8 per cent 
nickel specimens were not annealed. 

In addition to these materials there 
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have also been developed recently a 
number of low-alloy, —high-tensile 
strength steels which are designed pri- 
marily for welding. In these steels the 
strength is obtained from such elementsas 
copper, nickel, molybdenum, chromium, 
and manganese while the carbon is kept 
low to prevent air hardening. Gibson"? 
shows the strengths obtained in welding 
some of these alloys. From his results 
_ it appears that yield points of the welds 
are as high or higher than those of the 
plate material, and many of the speci- 
mens failed in the parent metal, indicat- 
ing that the tensile strengths of the 
welds are ample. 

Although the number of tests on alloy 


are not numerous compared with 


those on carbon steel, the available data 
indicate that many of the alloy steels 
can be just as successfully welded as 


carbon steel. 


SUMMARY 


The status of weld metal as an engi- 
neering material has changed greatly 
during the past fifteen years. Although 
the weight of the weld compared to the 
weight of the other material used in any 


0A. E. ay “The Development and Use of Low 
Alloy High Tensile Steels,” Journal, Am. Welding Soc., 
Vol. 14, p. 2 — 
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structure is almost insignificant, the 
quality of the weld metal is just as vital 
to the success and safety of the structure 
as the quality of the material welded. 
For the determination of the properties 
of weld metal it has been necessary to 
supplement routine testing methods 
with special physical tests, chemical 
analyses, and metallurgical examina- 
tions. As a result of these investiga- 
tions, the behaviour of weld metal has 
been explained and the causes for infe- 
rior quality in welds have been deter- 
mined. ‘These studies have thus estab- 
lished that the quality of weld metal is 
not dependent upon some mysterious 
circumstances but is the result of weld- 
ing technique and procedures which can 
be controlled. Because of the reliability 
and the high quality of weld metal ob- 
tainable by modern procedures, weld 
metal has assumed an important place 
among engineering materials. 


Acknowledgment: 4 


The author wishes to acknowledge the 
cooperation and helpful criticism of his 
colleagues in the A. O. Smith Corp. and 
to thank the officers of the A. O. Smith 
Corp. for permission to publish these 
results. 


pe 
M 
th 
fe 
we 
te 
ro 
be 
in 
pl: 
th 
be 
el 
co 
ha 
pe 
m: 
us 
lb 
de 
hij 
be 
we 
ac 
in: 
af 
: 

De 
Mi 

3 t } : ve 


Mr. J. J. Crowe'.—I should like to 
point out one thing in connection with 
Mr. Larson’s paper. He speaks about 
the physical characteristics of the dif- 
ferent specimens consisting entirely of 
weld metal and infers that these charac- 
teristics are a function of the welding 
rod and are independent of the metal 
being welded. If you take a given weld- 
ing rod and make a weld between two 
plates the physical characteristics of 
the weld metal in gas welding and, I 
believe, to a certain extent, in covered 
electrode welding, depends largely on the 
composition of the plates being welded. 
For instance, if you weld two plates 
having a tensile strength of 60,000 Ib. 
per sq. in. you are likely to get approxi- 
mately 60,000 lb. per sq. in. tensile 
strength in the weld metal. If, however, 
using the same welding rod, you weld two 
plates having a tensile strength of 80,000 
lb. per sq. in., the tensile strength of the 
deposited weld metal will be appreciably 
higher than 60,000 lb. per sq. in. and may 
be as high as 80,000 lb. per sq. in. 

The diffusion taking place during 
welding is such that the physical char- 
acteristics of the weld metal are greatly 
influenced by the chemical composition 
of the metal being welded. 

Mr. L. J. Larson? (author’s closure, 
by letter).—I agree with Mr. Crowe that 
the properties of the weld metal may be 
affected by the composition of the metal 
being welded. The amount of alloy 
added to the weld metal by the fusion 
of the base material depends upon the 
amount of base material fused and upon 
the composition of the base material. 
The amount of base material fused de- 


‘Manager, Apparatus Research and Development 
Dept., Air Reduction Sales Co., Jersey City, N. J. 
Mak Director of Welding Research, A. 0. Smith Corp. 
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DISCUSSION 


pends upon the welding process and 
upon the procedure used. With gas 
welding the weld metal may consist 
largely of molten base material in which 
case the mechanical properties of the 
weld metal will be affected to a great 
extent by the composition of the base 
material. On the other hand with 
multi-pass arc welding in heavy plates a 
relatively small amount of base metal is 
melted and hence the composition of the 
base material has much less effect on 
properties of the finished weld. 

Many of the covered electrodes used ° 
for welding mild steel having a minimum 
tensile strength of 55,000 lb. per sq. in. 
produce weld metal having a tensile 
strength of 65,000 to 70,000 Ib. per sq. 
in. Although the tensile strength of 
the weld metal produced by using these 
same electrodes in welding high-strength 
steels will be higher, it is common prac- 
tice to use other types of electrodes for 
welding steels having a minimum tensile 
strength of 70,000 lb. per sq. in. and 
still other electrodes if a tensile strength 
of 85,000 to 100,000 lb. per sq. in. is 
required. Using mild steel plates, with 
different electrodes it is possible to pro- 
duce, at will, weld metal having tensile 
strengths ranging from 55,000 to 100,000 
lb. per sq. in. 

For welding thin sections of low-alloy 
steels which are not stress relieved after 
welding, electrodes used for mild steel 
may produce weld metal having suffi- 
cient tensile strength, but for welding 
heavy plates which are stress relieved it 
is necessary to use different electrodes 
for steels of different tensile strengths. 
The alloys obtained from the fusion of 
the base material are not sufficient to 
adjust automatically the strength of the 
weld metal to the strength of the ma- 
terial being welded. 
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STEEL STRUCTURES IDENTIFIED AND FLAWS LOCATED BY MEANS 
OF BALANCING WAVE TESTS 


By Cart KINSLEY! 


SYNOPSIS 


_ _Non-destructive tests of the uniformity of steel samples or of the character 

and amount of their difference are made by electromagnetic measurements 
with a dynamometer and subsidiary phase shifting transformer. 

Before a sample has been treated so as to change its structure it is placed 


in the magnetizing coil and the electromotive force induced in the testing 


circuit is measured with respect to an empty coil—an air core. 
This initial electromotive force is completely balanced by introducing into 


the circuit an equal, but opposing electromotive force. 


This is synthesized 


from the phase shifting transformers which term by term neutralize the in- 
~ duced electromotive force. The opposing electromotive force is called the 
balancing wave and it has a sign opposite to that of the corresponding in- 


duced electromotive force. 


as a series of harmonic terms. 


Each sample is now treated so as to change its structure. 
in the magnetizing coil and the value of the electromotive force is obtained 
The amplitude and phase angle of each of the 
significant terms of the complete wave is evaluated and their interpretation 
gives the character and the amount of the change produced in the sample. 

Illustrations are given of the metallurgical differences between the samples 


It is then placed 


ent tempering temperatures on similar samples which had been quenched alike, 


{ and bet!veen different sections of the same sample, also, of the effect of differ- 


with an error in one treatment indicated, and finally, of the location of a crack 
in one of a series of rods which otherwise differed only within allowable limits. 


Non-destructive methods of determin- 


ing the structure of metals or the pres- 
ence of flaws are extensively employed. 
Among them might be included the 
methods using X-rays, gamma rays, 
magnetic quantities, sonic and super- 
sonic waves, heat development and its 
rate of diffusion, together with a con- 
_ siderable number of tests collectively 
known as magnetic analysis.” 


1 Consulting Engineer, New York City. 

2See bibliographies by R. L. Sanford appearing in 
Journal, Am. Inst. Electrical Engrs., Vol. 48, June, 1929, 
pp. 7-11; Transactions, Am. Soc. Steel Treating, Vol. 5, 
p. 577 (1924). 


Electromagnetic measurements are 
employed in the last named type of test, 
and they have been successful in a 
limited field of operations. The limita- 
tion is due to factors of minor importance 
with respect to the material being tested, 
but which sometimes render the correct 
interpretation of the measurements im- 
possible and always leave a feeling of un- 
certainty with regard to the results. 
Therefore, a method of testing which 
makes it possible to interpret the results 
correctly is essential. 
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In the method herein described,’ there 
is introduced into the circuit a balancing 
wave of electromotive force, composed 
of the controlled output of phase shift- 
ing transformers, which can completely 
neutralize any or all of the components 
of the complex eiectromotive force in 
the testing circuit. By balancing the 
effect of the disturbing factors, it is 
possible to make correct interpretation 
of the remaining electromotive force in 
terms of the structure and physical 
properties of the material. 

Many applications of this method of 
testing have been made in manufactur- 
ing plants and associated laboratories. 
From the results obtained, three typical 
tests have been chosen as illustrations. 


THEORY OF THE METHOD OF TESTING 
Fundamental Assumption: 


It is believed that the hysteresis loops 
uniquely characterize any ferromagnetic 
material with respect to its structure 
and physical condition. The magnetic 
“finger print” is standardized and re- 
corded by using a simple sine wave of 
magnetizing force which produces a 
cyclical magnetic flux in the material 
which, in turn, causes a complex induced 
electromotive force in a secondary test- 
ing circuit. This is quantitatively 
analyzed by the testing apparatus into 
its equivalent Fourier’s series of har- 
monic terms which are then recorded as 
the complete characterization of the 
material. It has not been found possible 
to make any change in the material 
without having a corresponding change 
in one or more of the constants of its 
characteristic series of terms. No differ- 
ent combination of analysis, metallurgi- 
cal structure or physical condition has 
been found that would produce a dupli- 


_ United States Patents No. 1,743,087 (1930), and 
No. 1,910,770 (1933). 
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cate of the characteristic equation of 
the specimen. 


Equations Defining the Test: 


The magnetizing current, which can 
be taken from a Public Service power 
line or from any constant-frequency a.c. 
generator having a line filter to insure 
its sine wave form, can be represented 
by the equation, 


J sind........... (1) 


The complex induced electromotive 
force in the testing circuit, which de- 
pends on the shape of the hysteresis loop, 
can be represented by the equation, 


e = Visin (wt — $1) + V2 sin — oe) 
+ V3sin (3wt — $3) + Vasin — 
+---V, sin — o,)........ (2) 


where i = the value of the current at 
the time 

I = the maximum value of the 
current, 

w = the angular velocity of the 
current vector, w = 27/T, 

T = the time in seconds of a com- 
plete cycle, 

t = the time from the start of 
the current wave, chosen 
as the zero, 

e = the value of the complex 

electromotive force at the 

time ¢ (when a specimen is 
used a subscript is added), 

the maximum value of each 
of the harmonic terms in 
electromotive force units, 
the harmonic used is shown 
by the subscript, 

the phase of the harmonics, 

or the angle in radians by 

which the harmonic leads 
or lags with respect to the 
zero of the current wave. 
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It has been found that usually only a 
limited number of these terms need be 
used; also for symmetrical magnetiza- 
tion only the odd terms are present. 

The complete method of measurement 
is suitable for the most exacting labora- 


Fic. 1.—Specimen B Alone and with Its Bal- 
ancing Wave. 


Laboratory methods of measurement 
will be considered first. 

The electromotive force, é, induced in 
the circuit when one of the specimens to 
be used in a series is present in the coil, 
is measured with respect to an empty 


Fic. 2.—Specimen F; with the Balancing 
Wave of Specimen B. 


Fic. 3.—Specimen F; with the Balancing 
Wave of Specimen F;. 


Fic. 4.—Specimen G with the Balancing 
Wave of Specimen F;. 


Pate I. The Use of the Balancing Waves in Getting Difference Between the Various Specimens 


ina 


Series. 


The complete equations are given in the text. 


tory investigation and also for determin- 
ing what approximations can be used in 
commercial mill operations to give de- 
pendable results at the high speeds 
necessary for commercial purposes. 


coil as the zero—an air core. This 
initial electromotive force is completely 
balanced by introducing into the circuit 
an equal, but opposing, electromotive 
force. This is synthesized from the 
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phase-shifting transformers which term 
by term neutralize the induced electro- 
motive force. The opposing electro- 
motive force is called the balancing wave, 
bw, and it has a sign opposite to that of 
the corresponding induced electromotive 
force €). The electromotive force equa- 
tion becomes: 


€o = bwy or — = 0.....(3) 


It is essential for any exact experi- 
mental work that all of the specimens of 
a series, which are to be subjected to any 
treatment, shall be substantially alike. 
They should, therefore, be measured and 
their characteristic equations recorded. 
It is not sufficient that they be cut from 
a single rod but they must differ by an 
amount no more than that known to be 
allowable for the particular purpose for 
which they are to be used. 

It is assumed that any treatment caus- 
ing a change in the steel specimen pro- 
duces an additional electromotive force, 
é, over and above that neutralized by 
the balancing wave, bwo. The change 
in the steel is then correlated with the 
corresponding electromotive force, 
If a further treatment is to be given to 
the steel specimen, a new point of de- 
parture is obtained by adding to the cir- 
cuit a balancing wave, bw,, which re- 
establishes the zero by neutralizing ¢. 

The balancing waves can be combined 
into one by their vector addition and 
the equation becomes, 


€= = + bw = bwa... . (4) 
=z 


The next step in the treatment causes 
a further additional electromotive force, 
@, which is correlated with the second 
change in the steel. 

The use of two balancing waves is not 
necessary. There is a practical advan- 
tage, however, in increased accuracy. 


When the total electromotive force to be 
measured is small, the zero should be 
fixed with precision. This is easily done 
with the extra balancing wave, bw). 

The above process is illustrated by 
measurements made on specimens of rods 
intended for a manufacturing purpose 
requiring the material to have high 
ductility. Oscillograph records illus- 
trating the electromotive forces in the 
testing circuit are reproduced in Figs. 
1 to 4. 

Figure 1 shows by an oscillograph 
record the total electromotive force in- 
duced in the testing circuit when speci- 
men B is used alone. ‘The zero is there- 
fore given by the empty magnetizing 
coil—by air alone. Also, after the 
balancing wave is introduced the electro- 
motive force becomes zero, except for 
harmonics above the seventh. This 
electromotive force has only the odd 
harmonics present as the positive and 
negative portions of the curves are simi- 
lar. The amplitude and phase of each 
of the terms of the first, third, fifth and 
seventh harmonics of Eq. 2 are given in 
the following equation: 


= 57.0/—67° + 14.1/4+15° 
—3.4/—10° — 0.3/450°. .. .(5) 


Figure 2 illustrates the change in the 
electromotive force induced in the test- 
ing circuit when specimen B is replaced 
by specimen F;. This is measured from 
the second zero by retaining the balanc- 
ing wave of specimen B in the circuit, 
as follows: _ 


= 34.0/—45° + 18.7/432° 
—8.1/—16° — 4.0/485°. .. .(6) 


The total electromotive force is now 
the algebraic sum of the two series taken 


‘The specification requirements of the material in 
question are given under Data and Discussion; photo- 
micrographs are shown in Fig. 7. 
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term by term and added vectorially so 
that another balancing wave, bw, can 
be added to the circuit so as to “clear 
the deck” in preparation for another 
change in the specimen, as shown by 
Eq. 4. 

Figure 3 shows a relatively small 
change in the electromotive force when 
specimen F; is substituted for specimen 
F;. 


= —4.3/—9° — 4.9/+429° 
+ 2.8/—36° + 2.3/+45°......(7) 


_ The two specimens F; and F, show test 
results that are relatively close, as shown 
on the graph of Fig. 5, and they would 
be expected to have closely related 
structure. 

Figure 4 shows the circuit in a bal- 
_ anced condition for specimen F;, but with 
specimen G in the testing coil. The 
specimens are thus compared through 
their common zero. The difference 
between specimen F; and specimen G is 
then given by the following equation: 


= 31.2/—34° + 16.6/+86° 
+ ~ (8) 


Note.—This equation shows the charac- 
teristic phase values of the first term which 
accompanies the structure change seen in the 
micrographs given in Fig. 7. 


It may be pointed out here that this 
method is suitable for determining very 
small changes in structure. For in- 
stance, it has been used to follow the 
progressive structural changes due to 
aging. At first the time interval be- 
tween records is made very short as the 
electromotive force changes rapidly. 

That it is a function of the structural 
change of the steel due to aging seems 
probable. The electromotive force val- 
ues for carbon aging, when plotted, give 
a smooth curve with a_ well-marked 
transition point at its maximum value. 
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It is generally accepted that aging is 
caused by structural changes, although 
its observation “under the microscope 
is not very successful.” Physical tests, 
such as Rockwell hardness measure- 
ments, can follow such changes and give 
a rough value of the trend. Carbon 
aging causes a maximum hardness and a 
slow approach to equilibrium. 


Reactance, e.m.f. 


Resistance, e. m. f. 


Fic. 5.—Electromotive Forces Plotted, Using 
Polar Coordinates. 


Resistance and reactance components or their vector 
sums can be obtained by inspection using the Cartesian 
coordinates. 


When the aging change is plotted 
against the time, the curve will be 
wholly consistent in each case irrespec- 
tive of the initial variations between the 
specimens. This method of measure- 
ment has produced complete and con- 
clusive results. 


SIMPLIFICATION AND INTERPRETATION 
OF THE EQUATIONS 


The fundamental term of the char- 
acteristic series is particularly significant 
since it alone carries the equivalent re- 
sistance component of the vector elec- 
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Reactance, e.m f. 


tromotive force (or the energy loss term, 
since the magnetizing current is con- 
stant) while the total reactance is the 
sum of the reactance values of all of the 
terms of the series. 

The harmonic components above the 
first are essential for the solution of cer- 
tain problems, but they can be omitted 
in many investigations. Very extensive 
laboratory tests have established the 
requirements for many practical cases in 
both laboratory and commercial work. 
For instance, the even harmonics are 
needed with permanent magnetic ma- 
terial or when the material is biased by 
a direct current component in the mag- 
netizing current. Also, decarburized 
specimens can be tested and the decar- 
burization located with the use of the 
seventh harmonic alone, ‘even in the 
presence of large differences in analysis 
and in the structure of the base metal. 

The use of a single term of the electro- 
motive series is illustrated in Fig. 5, 
where only the first harmonic of the 
series expressing the waves given in 
Figs. 1, 2, 3, and 4 is employed, taken 
from Eqs. 5, 6, 7, and 8. 

The interpretation of the results de- 
pends on the phase angle of the elec- 
tromotive force with respect to the 
current and this is best understood from 
the relation between the quadrature 
components, consisting of the resistance 
electromotive force in phase with the 
current vector and the reactance electro- 
motive force in quadrature with it. The 
following expressions give the relation- 
ships: 


sin wt; 
e = E,, sin (wt — ¢).... . (10) 


These equations give the periodic curves 
of the current and electromotive forces. 
For J located at @ = 0, 
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The current and electromotive force can 
be expressed in vector notation, using 
virtual values as they are read from the 
measuring instruments: 


E=TI (r — jx) with the 


@ = tan! (—x/r).....(12) 


The resistance component of Eis Jr and 


. the reactance component of E is Ix. 


The symbols represent the following 
quantities: 


i, Im = the instantaneous and maxi- 
mum value, respectively, of the 
current sine wave, 

e, E, = the instantaneous and maxi- 
mum value of the electromotive 
force wave, 

I, = virtual values of currentand elec- 

tromotive force, J = 0.707 In, 

E = 0.707 E,,, which are meas- 

ured in amperes and volts by the 

usual ammeters and voltmeters, 

r = the equivalent resistance so 
that /*r is equal to the total loss 
in watts, 

x = the reactance of the circuit, 
equal to lw. With constant 

frequency the magnetic flux in 
the specimen is proportional to 

L = the self induction of the circuit, 

w = the angular velocity of the cur- 
rent vector or = 22/T or 27 
multiplied by the number of 
cycles per second, 

Ir = the resistance electromotive 
force which is the component 
of the electromotive force in 
phase with the current, 


Ix = the reactance electromotive 
force in quadrature with .the 
current, 

Iz = the impedance multiplied by the 
current, or = 


= 2 2 ¢ 

+ 4%, and 
Ko, hy, He, Ea, = The electromotive 
forces expressed as virtual vol- 
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tages of the first terms of the 
series of harmonic terms. The 
subscripts refer to particular 
values measured when there 
were differences in the steel. 
The current vector, 7, and the addi- 
tional electromotive force vector, Es, 
are plotted in polar coordinates from the 
zero where specimen F; is balanced by 
(bwo + bw;). The current, J, is in the 
zero phase position and has a value of 
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Fic. 6.—Schematic Diagram of Circuits for 
Balancing Wave Method of Testing. 


0.055 amp. The electromotive force 
vector is at a phase angle of — 34 deg. and 
the dynamometer deflection is 31.2 scale 
divisions, 31.2/—34deg. The deflection 
is proportional to the electromotive force 
in volts. This quantity results from 
the structural differences between speci- 


men F, and specimen G. 


The electromotive force, E3, is re- 
solved into components and shown on 


the graph in Cartesian coordinates. 
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The resistance e.m.f., Jr, is parallel to 


the current axis, and the reactance 
e.m.f., 7x is in quadrature to it. The 
phase of FE; with respect to the current 
vector, J, is tan-! (—Jx/Ir) and is 
shown equal to — 34 deg. 

These relationships are of fundamental 
importance with respect to the char- 
acter of the steel and its physical proper- 
ties. Specimens F; and B were cut from 
sections of the same rod only 3 ft. apart. 
They are typical of the variations that 
often occur in rods of this material sub- 
jected to the same treatment. There is 
a progressive change from one culminat- 
ing point to another and a continuous 
variation in the electromotive force and 
in the structure of the material. It can 
be stated positively, after many investi- 
gations of different types of structure, 
that there has been found no exception 
to the conclusion that the change in the 
electromotive force, measured as described 
here, is a function of the change in the 
structure of the steel sample. 


TESTING APPARATUS | 


Figure 6 is a schematic diagram show- 
ing the essential elements of the equip- 
ment. The apparatus employed consists 
of the following: 

1. A sensitive dynamometer for lab- 
oratory measurements. 

2. Ammeters for laboratory work to 
maintain the magnetizing current con- 
stant and to check the field current of 
the dynamometers as the different har- 
monics are used. 

3. Phase shifting transformers made 
from selsyn motors. 

4. Magnetizing coil built as needed. 

5. Generators of harmonic frequencies 
of which only a limited number are 
needed for any particular purpose. The 
output needed is ten watts per phase. 

6. Magnetizing current from com- 
mercial power line. 
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to 7. Control resistances in the various 
ce circuits. 
he For commercial work the apparatus 
nt may be greatly simplified. The ap- 
is paratus is set up to indicate when 
certain tolerance limits are exceeded. 
tal Precise measurements are not needed for 
ur- this type of work nor can they be made 
er- at the high speed necessary in an operat- 
9m ing mill. 
rt. The apparatus, for example, can be 
iat limited to a single indicating or recording 
ab- instrument which is relatively insensitive 
> is and usually only a single selected har- 
at- monic phase-shifting transformer is 
nus needed to supply the required balancing 
nd wave. It is not necessary to readjust 
ra this unless there is a change in the base 
sti- metal which places the zero outside of 
the tolerance circle previously used. 
ure, 
: The operation of the balancing wave 
tion 
method consists of the following suc- 
the cessive steps: 
ibed 1. The magnetizing current and the 
the current in the field of the dynamometer 
¥ are adjusted to their constant value. 
(This is not required in commercial mill 
operations. ) 
1OW- 2. The phase angles of the various 
uip- harmonics used are determined from the 
sists dial readings of the phase shifting trans- 
formers. 
lab- 3. The dynamometer is brought to 
zero, using a balancing wave com- 
k to pounded of all of the harmonics needed. 
con- Each is adjusted separately as the field 
nt of of the dynamometer is energized in 
har- succession with a current of the same 
frequency, drawn from its phase-shift- 
made ing transformers through the multiple 
switch, proceeding as follows: 
eded. (a) The dynamometer is brought to 
ncies zero by putting the phase angle of the 
r are field current in quadrature with the 
The effective component of the current in the 
ise. moving coil. 
com- (b) The phase angle of the field current 


is changed through 90 deg. so as to put 


= 


KINSLEY ON BALANCING WAVE TESTS 43 


the balancing wave in opposition to the 
component of the electromotive force of 
the same frequency. 

(c) The amplitude of the balancing 
wave is changed so as to bring the dyna- 
mometer to zero. The dynamometer 
will remain at zero for any phase angle 
of the field current. 

4. The amplitude and phase of the 
additional electro-electromotive force 
due to the differences between the 
samples is measured, each harmonic 
being obtained separately. The ampli- 
tude is given by dynamometer deflection 
and the phase is taken from the trans- 
former dial reading when the deflection 
is a maximum. 


DATA AND DISCUSSION >: 
Identification of Structure: 


~ 


An instance is given of a cold-drawn 
steel, treated so as to have high ductility. 
The material was drawn alloy steel, 
annealed and pickled, 0.183 in. by 0.053 
in., intended to be wound on a mandrel 
of 0.90 in. in diameter. The chemical 
analysis was as follows: 


ee 0.45 to 0.55 
Chromium, per cent............. 0.85 to 1.10 
Molybdenum, per cent.......... 0.20 to 0.30 
1.75 to 2.25 
Manganese, per cent............ 0. 40 to 0.60 
0.15 to 0 30 


Phosphorus and sulfur, per cent.. 0.04 to 0.00 


A set of three samples, duplicating the 
one used in making the electromagnetic 
measurements shown in Figs. 1 to 4, and 
a second similar set were independently 
selected. The first was sent to the New 
York Testing Laboratories and the sec- 
ond was sent to the National Physical 
Laboratory, Teddington, England. 

The reports from the two laboratories 
checked completely and confirmed an 
extensive series of similar tests and ex- 
aminations made previously in the 
course of the work. The report of the 
National Physical Laboratory follows: 


. 


REPORT OF THE NATIONAL PHYSICAL 
LABORATORY, TEDDINGTON 


Longitudinal sections cut through each 
of the marked areas have been prepared and 
etched in a 4 per cent solution of nitric acid 
jnalcohol. Figs. 1, 2,and 3show the micro- 
structures at 1000 diameters of the three 
specimens G, F and B, respectively. In G 
the carbon is present in the form of spher- 
-oidized cementite and the grain size of the 
material is very fine. In specimen F, Fig. 2, 
the carbon is not completely spheroidized and 
‘is partly presentaspearlite. Inthe material 
_B the carbon for the most part isin the form 
of pearlite, but a proportion of it is present 
as sorbite. The grain size of specimen B 
is coarser than either that of G or F. 
Conclusions.—The difference in the micro- 
structure of the three areas has been caused 
by a difference in the final heat treatment of 
the material. The heat treatment of mate- 
rial G has resulted in the separation of car- 
bide as granular cementite, but that of ma- 
terial B has resulted in the formation of 
masses of pearlite and sorbite, and has caused 
a reduction in the ductility of the steel. The 
spheroidization of the cementite of material 
F is not complete and the mechanical prop- 
erties of this material lie, as would be ex- 
pected, between those of G and B. 
(signed) WALTER ROSENHAIN 


The photomicrographs made by the 
National Physical Laboratory are re- 
produced in Figs. 7 (a), (b), and (c). 
Notched bar tests with the Izod machine 
made at the same laboratory gave the 
following results, upon which the con- 
clusions with respect to ductility are 
based: 


ENERGY TO FRACTURE 


0.26 ft-lb. 


In the course of the investigations 
preceding the above laboratory measure- 
ments, hundreds of specimens were 
examined by electromagnetic measure- 
ments and the specimens were then 
tested by winding them on their edge on 


§ The accompanying Figs. 7 (a), (6) and (c). 
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the mandrel in the regular production 
operations in the mill. It was found 
that the metal of low ductility was in- 
variably detected while no metal of 
sufficient ductility was incorrectly in- 
dicated. 

The data from the oscillograph records 
and the electromagnetic measurements 
of the above steel are given in Figs. 1 
to 5. 


The balancing wave method of testing 
is applicable both to exact research in- 
vestigations and as a reliable means of 
inspection for commercial purposes. 

Research A pplications.—With the bal- 
ancing wave method of measurement it 
is possible to make complete records of 
complex electromotive forces, to estab- 
lish the equality of samples at any time, 
to identify them and to repeat or to 
extend the examinations of the samples 
as may be needed, since the measure- 
ments are all non-destructive of the 
material. Figures 1 to 5 illustrate how 
the records are made and a continual 
check maintained on the samples. The 
electromotive force differences between 
the samples can be determined to 0.1 
per cent of the electromotive force of 
the samples. 

The structural difference between the 
specimens F; and Fs», Fig. 5, are too 
slight to be shown by photomicrographs. 
But the structural differences between 
specimens G, F, and B, on Fig. 7, are 
indicated by the curve in Fig. 5. The 
relative position was confirmed by the 
physical test values. The illustration 
cited is typical of hundreds of deter- 
minations as made by photomicrographs 
and accompanying electromotive force 
readings. The progressive changes in 
the structure of the steel are directly 
reflected by the corresponding changes 
in the electromotive force values as 
measured by the balanced wave method. 
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Commercial A pplications.—In the 
commercial use of the apparatus the 


particular additional electromotive force 
will indicate the presence of an undesir- 


te: 


&. 7 aa 
‘ 


(c) Specimen B. 
phs Fic. 7—p otomicrographs of Specimens of Cold-Drawn Rods Showing Progressive Changes of — 
yrce = oak Structure Accompanying Reduction in Ductility (< 1000) 
: —_ All specimens are etched in a 4 per cent solution of nitric acid in alcohol. 
ctly 
ites alancing wave can be fixed at such a 
st pre-established value with refe 
the 


able structure. This can be readily done 
in many cases by the proper adjustment 


of the balancing wave since it can cause 


rence to 
material that the appearance of a 
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the additional electromotive force to 
differ from the one normally present 
only by a phase change or by an ampli- 
tude change alone or by the two in 
combination. In this case the balanc- 
ing wave is not started with the electro- 
motive force reduced to zero but rather 
to a value which will allow the selective 
operation of the relay to be easily 
controlled. 

As applied to ductility measurements, 
the test has been used in mill operations, 
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The chemical analysis was as follows: 


0.22 to 0.27 
Chromium, per cent............. 1.10 to 1.40 
Molybdenum, per cent.......... 0.50 to 0.00 
Manganese, per cent............ 0.40 to 0.65 
Phosphorus and sulfur, percent... 0.03 to 0.00 
Tungsten, per cent.............. 2.75 to 3.25 
Vanadium, per cent............. 0.25 to 0.00 


The required physical properties were 
as follows: 


and in the testing of 50,000 ft. of inter- sq. in....... anenpee Per 156 800 to 168 000 
mittently imperfect material, all of the Elongation in 2 in., per cent.. 17 
material with ductility too low was in- per cent. . 
variably located by the electromagnetic _ Brinell hardness, minimum.. 331 
/00C 
None \ 
c WS 
600 
| 650 C. 
| 
Resistance , e.m f. 
) Fic. 8.—Electromotive Force Values Plotted in Polar Coordinates. 


Quenched at 850 C. Each rod tempered as shown. 


tests. The dividing line was established 
by preliminary tests and fixed at a value 
which placed it between specimen 
and specimen B shown in Fig. 5. 
An example of the commercial use of 
the test is that in connection with the 
tempering of alloy steel rods to obtain 
the structures having specific physical 
properties. The rods were of alloy 
steel, 0.5625 in. in diameter and 18.4 in. 
in length, which had been quenched in 
oil at 850 C. and were used for making 
studs for airplane engines by one of the 
_ leading manufacturers in England. 


The heat treatment to produce these 
physical properties comprised oil harden- 
ing at a temperature of 850 C. followed 
by tempering at between 560 and 630 C. 
the particular temperature depending on 
the actual chemical composition within 
the specified limits. The range of in- 
terest is, therefore, that lying at the 
lower end of the curve in Fig. 8. An 
extensive series of experiments was 
carried out for the temperatures between 
500 and 650 C. 

The data for the electromagnetic 
measurements are given in Fig. 8. The 
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values in every case gave the same pro- 
gressive changes as the tempering tem- 
peratures. A typical series of the values 
of the amplitude and phase of the first 
term of the characteristic equation is 
given in a graph plotted in polar co- 
ordinates using the value of the specimen 
drawn at 500 C. as the zero for the polar 
coordinates. 


Circle, 
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Fic. 9.—-Electromagnetic Measurements on 
Tool Steel Rods Examined for Flaws from 
Center to Both Extreme Ends. 

The graph in polar coordinates shows a flaw when it passes 


outside of the tolerance circle with the phase angle shown. 
It should be noted that the sample 
nominally tempered at 620 C. does not 
occupy the expected position. The 
other tests showed that the samples 
tempered at 620 C. are proportionally 
located between the samples tempered 
at 600 C. and those tempered at 650 C. 
The obvious conclusion to be drawn is 
that this particular rod had been tem- 
pered at 602 C. instead of 620 C. due to 
some unexplained error. 
If the rod had been cold worked by 
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bending, for instance, the electromotive 
force value would not lie on the line with 
the other samples, which have a phase 


angle of —35 deg., since the phase angle 
of cold work is — 165 deg. and this would 
cause the point to appear below the 
line of the other samples. 

There is a divergence, also, in the 
case of the sample quenched but not 
tempered. This could not be investi- 
gated at the time. There seems to be a 
possible explanation on either metal- 
lurgical or physical grounds. 

A progressive change in the tempering 
temperature is accompanied by a corre- 
sponding progressive change both in the 
electro-magnetic quantities and in the 
steel structure. This holds for a tem- 
perature range from 650 to 500 C. where 
the steel structure is so fine that the 
microscope can no longer be used. For 
tempering between 500 and 100 C., the 
structure is entirely outside of the limit 
of resolution of the microscope. 

It is generally believed that the struc- 
ture of the steel also changes continu- 
ously after it becomes too fine for resolu- 
tion by the microscope. Certainly there 
is a progressive change in the physical 
characteristics of the steel. The elec- 
tro-magnetic measurements, made with 
an accuracy of 0.1 per cent, will probably 
give results which reflect any significant 
change which occurs in in the structure of 
the steel. 


Detection of Flaws in High-S peed Tool 
Rods: 


As a typica: instance of the inspection 
of material for cracks, seams, or other 


6 At particular tempering temperatures, depending on 
the anal and method of treatment, there is a very 
complex, but completely consistent, relation between the 
resistance and reactance components of the changing 
electromotive force. This is accompanied by correspond- 
ing changes in Rockwell hardness, Charpy impact test 
values and tensile strength. It is believed that the goon 
changes indicated are of great importance but in Fig. 
such a region is not shown, probably because the i 
perature differences between points is too great to bring 
out the critical character of tempering effects occurring 
within certain narrow temperature ranges. 
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physical flaws, mention is made of the 
examination of cold-drawn rods. Fre- 
quently an inspection of a section cut 
from each end of every rod is required 
by the customer, since cracks sometimes 
develop during treatment and after 
regular inspection in the mill. This in- 
spection is expensive in time and ma- 
terial without any assurance that there 
are no cracks in the rods between the in- 
spected ends. The rods in question were 
cold-drawn, annealed, drastically cold 
worked, centerless ground to 0.594 in. 
in diameter. ‘This material is subject to 
the formation of cracks during mill 
operations. The results of measure- 
ments made on three similar samples are 
plotted in polar coordinates in Fig. 9. 
The tests of each rod are made at the 
extreme ends, the results from the two 
ends being designated in Fig. 9 by sub- 
scripts 1 and 2. The plotted values are 
joined with a straight line for conveni- 
ence, although an unrecorded survey 
shows that the intervening points would 
make a continuous line but by no means 
a straight one. A circle drawn around 
h the values given by the normal rods 
becomes the tolerance circle. 

The values of the electromagnetic 
quantities lying outside follow a line 
which makes a phase angle of — 69 deg. 
which is characteristic of a crack or seam 
in the material. As the rod passes 
through the coil the electromagnetic 
values leave the tolerance circle when 
the crack reaches the coil. 

The tests at the extreme ends were 
made by using a balancing wave which 
neutralized the end effect. For such 
commercial work the correct balancing 
wave for the center of the tolerance 
circle can be recorded for each type of 
steel used. As they come through, a few 
at a time, for testing, the shift in the 
zero can be made promptly—taking no 
longer than tuning in a radio to a known 
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broadcasting station, | 


CONDITIONS SURROUNDING THE TEST 

1. The material should be of uniform 
analysis and uniform dimensions in the 
run of the material, for rapid testing in 
mill operations. 

2. In any sample to be tested, there 
should be no abnormalities running 
uniformly throughout the run of the 
material, as for example a crack. 

3. No two abnormalities should com- 
pletely overlap throughout the run of 
the sample to be tested. This condition 
has not yet been encountered. 

4. Disturbing effects should be eval- 
uated if they are found to be of sufficient 
relative importance to be objectionable, 
for example, temperature differences of 
samples. 

5. In laboratory tests it is assumed 
that all of the conditions are under con- 
trol but in mill operations it is necessary 
to note the extent to which the condi- 
tions vary and to be sure that no signifi- 
cant error could be caused, for example, 
erratic tension. 

6. Internal stresses must be consid- 
ered but they have never been found to 
vary enough in the run of a sample to 
affect the results of the electromagnetic 


measurements of differences due to 
seams or other abnormalities in the 
material. 


7. No physical standards of the ma- 
terial are needed but one or more unre- 
lated test specimens should be kept on 
hand to use occasionally as a check on 
the condition of the apparatus. 

CONCLUSIONS 

The illustrations given cover only a 
small part of the work, but they are 
characteristic of the results that have 
been obtained. The fundamental as- 
sumption has been verified in every case 
examined throughout the whole range 
of laboratory investigations and com- 
mercial applications of the method. 
Since commercial work must be stand- 
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ardized and carried on at high speed, 
without special adjustments, under the 
conditions found in operating mills, the 
variety of applications that can be made 
is limited but still leaves a wide field in 
which there can be profitable employ- 
ment of this m: thod of testing. 

Research investigations have made 
successful use of the complete laboratory 
equipment in previously unexplored 
fields. The possibility of a further ex- 
tension of the balancing wave method of 
testing seems assured. 


Among applications to research which 
have not been attempted, involving 
problems of very considerable im- 
portance, the following are mentioned 
as they could be undertaken with con- 
fidence in view of comparable problems 
that have been completed with success, 
although not included in this paper: 


| 
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1. Identification and measurement of 
the structural changes in steel by follow- 
ing the process continuously at the 
temperatures at which the changes are 
taking place. 

2. Determination of the relation 
between the structure of steel rails and 
the formation of transverse fissures 
which later appear when the rails are 
subjected to the normal operating 
stresses. 

3. The measurement of structural 
changes accompanying the progressive 
approach to fatigue failure. 

The previous attempts to locate and 
measure such changes, before the lesions 
in the material begin to appear, have not 
been successful. The sensitivity and 


accuracy of the balancing wave method, 
however, offers a possibility that should 


be investigated. 
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magnetic testing methods. 


DISCUSSION 


Mr. THEopoR Zuscuiac.'—I should 
like to ask Mr. Kinsley a question with 
reference to the statement on page 37 of 


his paper: “In the method herein de- 


scribed, there is introduced into the 


- circuit a balancing wave of electromotive 
_ force, composed of the controlled output 
_ of phase shifting transformers, which can 
- completely neutralize any or all of the 


components of the complex electromo- 
tive force in the testing circuit. By 
balancing the effect of the disturbing 


factors, it is possible to make correct 


interpretation of the remaining electro- 


motive force in terms of the structure 
and physical properties of the material.” 


My personal experience, based upon the 


magnetic inspection of thousands of 


tons of steel, indicates that this state- 
ment is too optimistic. I have fre- 
quently encountered materials of entirely 


different chemical analysis which never- 


theless produced exactly the same type 
of readings when tested magnetically. 
I have also seen materials which con- 
tained well-defined mechanical defects 
that did not show up to any extent in 
magnetic investigations. These cases, 
of course, are exceptions but, being 
facts, I believe they justify the state- 
ment that ambiguous results are not 
impossible in inspecting material by 
From this 
viewpoint I wonder whether it pays to 
apply the tedious laboratory procedure 


_ of magnetic testing as proposed in Mr. 


Kinsley’s paper? 
Mr. E. E. Tuum.2—I have just one 


remark to make of a practical rather 


than theoretical nature. I know that 


many attempts have been made to 


1Chief Electric Engineer, Magnetic Analysis Corp., 
Long Island City, N. Y. 

2 Editor, Metal Progress, American Society for Metals, 
Cleveland, Ohio. 


all 


promote the use of electrical or magnetic 
tests for inspection processes. The 
greatest success I have seen has been in 
the manufacture of safety razor blades, 
where the electrical characteristics of 
the steel strip are used as a means of 
estimating the relative condition of the 
material at various points in the process 
of manufacturing, as compared with the 
characteristics of a short length taken 
as a standard and known to be of the 
required condition. In a continuous 
process of this sort very close control 
can be had, but in every case that I know 
of electromagnetic tests are used purely 
as a method of comparison against a 
standard. If the material under test 
balances against the standard sample, 
everything is fine; if there is a very great 
deviation, steps are immediately taken 
to find out to what the deviation is due— 
these steps involving the more conven- 
tional investigations by calipers, hard- 
ness testers, and microscope. 

Mr. Cari Kinstey.*—Replying to 
Mr. Zuschlag, if the hysteresis loop is 
examined with the care employed in 
this method of testing its characteristic 
form is expressed by the derived electro- 
motive force values which include the 
higher harmonics. The methods pre- 
viously used give measurements which 
do not include the phase relations and 
do not consider quantitatively anything 
except the fundamental term of the 
electromotive force, due to the character 
of the instruments employed. The 
establishment of an exactly located zero 
and a complete balance of the electro- 
motive force in the circuit is an essential 
part of this method of testing. When 
the measurements are made with these 
or equal precautions, I believe there will 


3 Consulting Engineer, New York City. 
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be found no lack of concordance with 
the general statement that “the hys- 
teresis loop uniquely characterizes any 
ferromagnetic material with respect to 
its structure and physical condition.” 

When making commercial applications 
of this method of testing, it is possible to 
simplify the apparatus and the complete- 
ness of the tests applied without sacri- 
ficing the necessary accuracy. To pre- 
vent anomalous results the material 
must be uniform and the specific manu- 
facturing processes carried out in accord- 
ance with definite specifications. Mag- 
netic analysis tests show when such 
specifications have not been followed as 
well as the presence of flaws and other 
imperfections in the material. I have 
examined many thousand feet of mate- 
rial and have found no lack of agreement 
with the general statement. 

The question raised by Mr. Thum in 
regard to the necessity for using a 
standard has been discussed in part in 
connection with Fig. 5. Referring to 
this figure it will be found that the 
location of the zero when air alone is 
in the coil is shown on the upper part of 
the sheet. All of the specimens are then 
located with reference to this funda- 
mental zero and thus with reference to 
each other by the _ electromagnetic 
measurements. Asecondary zero can be 
used at any convenient point as was 
done here by introducing into the circuit 
a balancing wave which reduced the 
electromotive force exactly to zero when 
specimen F, was present in the testing 
coil. If another specimen is then sub- 
stituted for it, specimen G for instance, 
the electromotive force vector appearing 
in the circuit will characterize the differ- 
ence between the two specimens. This 
is shown on the graph and marked G. 
The phase angle shown, —34 deg., is 
characteristic of the difference in struc- 
ture due to annealing. Any other 
specimen with a different amount of 
annealing, but otherwise like G, will 
lie on a continuous line having this phase 
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angle. Another sample, specimen Fo, 
was found to nearly coincide with F, 
but was slightly off from the annealing 
line and so indicated a physical differ- 
ence. The presence of a little cold work 
alone would have shown a phase of 
+165 deg. (or its opposite —15 deg. 
instead of the actual —9 deg.). It is 
probable, therefore, that there is present 
also a slight difference’ in annealing. 
But the total difference would come 
within the allowable, or tolerance, 
variation so that the specimen was 
acceptable. (Computed graphically, the 
assigned values of the additional electro- 
motive forces due to the cold work plus 
annealing differences equal the measured 
value, 


— 6.75 / —15° +-1.63 / —34° = —4.3/—9° 


as given by the first term of the com- 
plete equation No. 7.) Such an analysis 
is not possible except when the zero has 
been obtained so that the phase angle 
is known accurately. 

In the commercial illustration given 
by Mr. Thum any deviation from the 
normal would cause a change in the elec- 
tromotive force of the testing coil and 
so unbalance the testing circuit. Its 
amount and direction from the sec- 
ondary zero of its vector would indicate 
the change which had occurred in the 
steel structure. The change in _ its 
physical constants would be imme- 
diately obtainable from the calibration 
curve of the material being used. 
Decarburization would be shown as a 
structure change and it could be identi- 
fied by using one of the higher harmonics, 
the seventh for instance, and its depth by 
the instrument reading. A correction 
in the manufacturing process, such as its 
speed or temperature, could be made at 
once without obtaining the physical 
constants. In all commercial work it is 
necessary to have the apparatus initially 
adjusted by one familiar with its method 
of operaticn before turning it over to 
an untrained assistant for testing service. 
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PROPOSED “ANDARD CLASSIFICATION OF GRAPHITE IN GRAY 
CAST IRON 


By W. E. Mautn! ann J. W. Hamitton? 


SYNOPSIS 

- ‘The need has been pointed out for a metallographic system of classifica- 
tion of the graphite phase in gray cast iron. ‘Two proposed standard charts 
have been set forth. One of these in serving to identify graphite flake size 
is similar to the A.S.T.M. grain size chart for steels. The other represents 
four types of association of graphite flakes differing from each other in their 
distribution or orientation. A technique for the application of these two 
charts has been proposed with emphasis laid on the use of suitable mag- 
nifications in order to produce ‘a record representative of the entire area 


of the micro-section. 


INTRODUCTION 


Probably no single development of 
recent years has been of more impor- 
tance to our fundamental knowledge of 
ferrous metallurgy than the work on 
austenite grain size in carbon and low- 
alloy steels. This work began about 
fifteen years ago with the realization 
that grain size was perhaps as important 
as the chemical analysis in determining 
the properties and reaction to heat treat- 
ment of steels. During the ensuing 
years, the work of many investigators in 
adopting a standard scale for the meas- 
urement of grain size; in studying the 
quantitative effect of grain size on hard- 
enability, impact strength, and other 
properties; and in studying the laws of 
grain growth and in developing the 
means of control of grain size through 


1 Metallurgical Engineer, Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa.; formerly Re- 
§ search Metallurgist;* Vanadium Corporation of America. 
2 Research Dept., Vanadium Corporation of America, 
Ann Arbor, Mich. 
3 Standard Grain Size Chart for Classification of Steels 
(A.S.T.M. Designation: E 19 — 33), 1936 Book of A.S.T.M. 
Standards, Part I, p. 761. 


melting practice has accomplished much 
toward establishing the metallurgy of 
steel as an exact science of untold value 
in its application to industry. 

Through the latter part of this period 
of development in the metallurgy of 
steel, cast iron also has been a subject of 
much investigation. Studies of the ef- 
fects of composition and of raw mate- 
rials, melting methods and solidification 
rates have resulted in an ability to pro- 
vide desirable combinations of mechani- 
cal properties for each of a wide variety 
of applications. The mechanism is, at 
least in part, control of graphite flake 
size. This valuable work has_ been 
handicapped, however, by the lack of a 
rational system for classification. 

In the present work it is not desired 
to deal with either the control or the 
effect of graphite flake size. It is, how- 


ever, desired to point out the variations 
in flake size, orientation, and distribu- 
tion that may exist, and to propose the 
necessary standards and technique for 
their measurement. 
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GRAPHITE FLAKE SIZE 

Figure 1 shows a chart, in some re- 
spects similar to the A.S.T.M. grain- 
size chart for steels, composed of eight 


photomicrographs at a magnification of 


100 diameters. The numbers 1 to 8 des- 
ignate a series of progressively shorter 
flakes and, in the authors’ experience, 
cover the range of flake size obtainable 
in sand-cast, gray-iron castings having 
a section diameter or thickness of from 
1 to 6 in. or larger. It is interesting to 
note that if the sizes of the A.S.T.M. 
grain-size chart for steels are transposed 
into a linear dimension, that is, mean 
grain diameter, the limits of the range 
obtained are about 1 in. and } in., re- 
spectively, or in a ratio of 8 to 1. In 
the proposed flake-size chart, however, 
it has been found necessary to cover a 
range of from 4 in. to ;’g in. or in a ratio 
of 64 to 1. An important result is that 
the difference in size between adjacent 
numbers in the latter scale is appreci- 
ably greater. 

It is interesting to observe at this 
point that an over-all range in size of 
austenite grains in steel comparable to 
the range in size included within the 
proposed flake-size chart actually is ob- 
tainable. Extreme refinement and ex- 
aggerated grain growth in steel may 
lead to austenite grains ;’g in. in diam- 
eter or smaller on the one hand and 4 
in. in diameter or larger on the other. 

In the course of preparing the present 
graphite flake-size chart, a considerable 
number of micro-sections was exam- 
ined, representing a rather wide variety 
in as-cast section size, and in chemical 
analyses of irons. “Mixed flake sizes, 
similar in a way to mixed grain sizes in 
steels, were found in many of these and 
it was deemed necessary to record all 
findings as proportions of a given size 
rather than merely attempting to show 
over-all size ranges within each speci- 
This practice, commonly used 


men. 


also for steels of mixed grain sizes, 
seemed logical because of the probability 
of thus obtaining more exact correlation 
with the mechanical properties of the 
cast irons in question. 

The estimation of proportions of pre- 
dominant flake sizes would be extremely 
difficult if there were such a thing as 
random distribution of a wide range of 
flake sizes. In the authors’ experience, 
however, mixed flake sizes usually exist 
as groups or areas composed largely of 
one size with the balance largely of an- 
other size. These areas have been found 
to fall into two general classes: (1) den- 
drites whose size may vary widely, and 
(2) rosettes or rounded groups 4’, in. 
or larger in actual diameter. 

Since graphite flakes, like any other 
micro-constituent of metals, are three 
dimensional, naturally a certain amount 
of variation in flake size will be found 
in the most uniform cast irons. Each 
flake actually is more or less of a saucer- 
shaped particle and the particular sec- 
tion observed is purely a matter of 
chance. With an entirely random ori- 
entation of particles, this leads to no 
particular difficulties in arriving at an 
estimated mean size. However, in such 
a case as that illustrated in Fig. 2, type 
D, where the flakes are all oriented in 
restricted planes, it may become neces- 
sary to use a range of sizes for a single 
area.4 

Grapuite Type Cuarr 

Questions of distribution and orienta- 
tion have been encountered in discussing 
the estimation of sizes and proportions 
of sizes. In order to include the two 
former factors in the classification, a 
chart of standard graphite types is pro- 
posed. In Fig. 2 are shown four types 
of graphite, varying from each other in 

411 is believed, however, that the actual characteristic 
size of this zone is nearly that of the largest flakes seen be- 


cause all other flakes probably consistently have been cut 
through a short axis. 


No. 1 No. 2 
in. or more in length. Flakes 2 to 4 in. in length. 


No. 5 No. 6 
Flakes } to } in. in length. Flakes } to } in. in length. 


Fic. 1.—Graphite 
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No. 3 No. 4 
Flakes 1 to 2 in. in length. lakes 


3 to 1 in. in length. 
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No. 7 No. 8 
Flakes ;, to } in. in length. Flakes jg in. or less in length. 


aphite flake-Size Chart (x 100). 
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Type A—Random orientation of flakes uni- Type B—Random orientation of flakes 
formly distributed. grouped in rosettes. 


Type C—Random orientation of flakes Type D—Dendritic orientation of flakes. 
grouped in dendrites. 


Fic. 2.—Graphite Flake-Type Chart (X 100). 


56 Manin anp Hamiton 
CW \ - ter X43 leal 
pro 
\ 
] 
be t 
too 
cure 


¥ On CLASSIFICATION OF GRAPHITE IN GRAY Cast IRON 57. 


the form of distribution and orientation 
of typical gray-iron graphite flakes. If 
it were desired to include the temper 
carbon type of graphite found in mal- 
leable irons, a fifth could, of course, be 
added and thus compose a system for 
classifying graphite in all cast irons. 


SUITABLE MAGNIFICATIONS 


Because of the tendency of graphite 
flakes to segregate into groups each of 
which may have a characteristic flake 
size, it is important to note that the di- 
rect use of the graphite flake-size chart 
at 100 diameters for comparison with 
projected images of specimens at the 
same magnification was rarely practiced 
in this work. To have done so would 
have made the estimation of propor- 


Fic. 3.—Comparison Standard for Observing Flake Size at Magnifications of 25. 


tions of different sizes highly difficult 
because of the relatively small area that 
could be examined at one time. To 
illustrate this point, Figs. 5 and 6 show 
at 100 diameters two areas which might 
represent greatly different cast irons. 
Actually, however, they were taken ad- 
jacent to each other from the same iron 
and both areas are shown in Fig. 4 at 


25 diameters. 


TECHNIQUE OF EXAMINATION 


The desirable procedure seemed to 
be the use of as low a magnification (and 
as wide a field) as could be used without 
too great a sacrifice in the accuracy of 
the measurement. In general, the ac- 
curacy of the measurement was aided 


by the rather wide difference between — 
adjacent numbers on the scale. 
Accordingly a method has been de-— 
veloped (found also applicable to mixed — 
grain sizes in steels) involving the use | 
of a wide-field binocular microscope ; 
at comparatively low magnifications. 
With a magnification of 10 to 25, all or 
much of the surface of an average micro- _ 
section may be seen at onetime. Flake- 
size readings are then obtained by com- 
parison with a standard piece mounted 
beside the specimen on the stage of the 
microscope. This standard may be > 
merely a small polished block of stain-— 
less steel near one edge of which a series - 
of eight small holes or marks have been | 
inscribed with diameter or length cor- 
responding to the mean actual length of 


3.9 
64 136 64 


the eight flake sizes (see Fig. 3). 
proper illumination, in this case ob- 
tained with the small incandescent bulb ‘ 
and reflector supplied with the micro- 
scope, comparisons between the stand-— 
ard and graphite flakes in the specimen 
are comparatively simply made, and the — 
exact magnification used is unimportant. 
Having scanned the specimen and 
noted the proportion of each size and 
type by the method just described, the 
flake-size chart and the type chart and — 
a magnification of 100 diameters may | 
be used if desired for checking the ac- — 
curacy of the measurements and obser- 
vations of type that have been made at. 
lower magnification. This will be es- 
pecially desirable for the extremely 
small sizes of graphite flakes. 
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_ Fic. 4.—Variable Flake Size of the Dendritic Type (x 25). 
60 per cent Size 4 Type A. 40 per cent Size 7 Type C. 
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Fic. 5.—Small Graphite Flakes Shown in Fic. 6.—Large Graphite Flakes Shown in 
Fig. 4 (X 100). Fig. 4 (X 100). 
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One further consideration is that of 
segregation according to physical shape 
or location in the casting. A condition 
similar to the structural differences in 
case-hardened steels may exist, wherein 
a part of the iron will be distinctly dif- 
ferent from other parts due to abrupt 
variations in cooling rate. In such cases 
two or more such structures in the same 


iron should be differentiated by classify- 
ing them separately as if for different 
specimens. 

The standard scale used in this work 
was made in the following manner. On 
a duplicate piece of the stainless material 
used for the scale, an experiment was 
performed in order to correlate Vickers® 
load with impression size on this par- 
ticular material. An ordinary set of 
gravimetric balance weights was used 
for obtaining various loads and the ex- 
perimental results were plotted as weight 
against length of the side of the square 
impression. Once this was done, the 
desired lengths were interpolated from 
the curve, checked individually for ac- 
curacy, and finally the desired series of 
square impressions was imposed near 


5 A Vickers hardness testing machine was used. 


the edge of the other block. In Fig. 3 

is shown the appearance of the standard 

at a magnification of 25 diameters. 
A special eyepiece similar to a grain- 


size ocular now available on the market — 


for steels could, of course, be developed 
in conjunction with a standard graphite 
flake-size chart. Although such a de- 
vice would require a fixed magnification 
for actual measurement of:size, it could 
be calibrated at either 25 or 100 diam- 
eters and still be used for the estimation 
of proportions at any suitable magnifi- 
cation. Such an ocular probably would 
be most easily utilized if the scale were 
composed of a series of circles or squares 
of appropriate diameters or length of 
sides. 
CONCLUSION 

It is hoped that this brief presentation 
will stimulate discussion among those 
numerous metallurgists interested in the 
advancement of the metallurgy of gray 
cast iron, and furnish some impetus to 
the general adoption of a standardized 
method for studying and recording the 
graphite variable in this important en- 
gineering material. 
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Mr. J. F. Jounson! (presented in 
written form).—The authors have pre- 
sented a classification of graphitic car- 
bon in gray cast iron, which, when sup- 
plementing other factors, should be 
instrumental in securing iron with 
definite properties. 

While the use of low magnification 
permits examination and classification of 
relatively large areas accurately, it is 
believed that for most types of work a 
micrograph of the unetched specimen at 
100 diameters, taken as representatively 
as practicable, is sufficient. Micro- 
graphs of the etched specimen at both 
100 and 1000 diameters are also desir- 
able, however, to supplement the infor- 
mation gained from the graphite pat- 
tern. 

To illustrate the use of micrographs 
at 100 diameters for direct comparison 
the photomicrographs shown in the 
accompanying Figs. 1 and 2 are pre- 
sented. Both specimens are from cast 
iron snap locomotive piston valve rings 
of a similar mixture, but with different 
methods of casting. The valve bush- 
ing or liner in which the rings operate 
is also of similar mixture, but necessarily 
a cylindrical casting. 


LocoMoTIVE SNAP PISTON VALVE RINGs, 14-IN. 
DIAMETER, 3-IN. SECTION. 


INDIVIDUAL Tube CASTING, 
RING CASTING 18-IN. LENGTH 
Brinell hardness.... 218 182 
Fracture Mottled Gray 
Mileage in service... 10 000 132 663 
approx. 


The rings are subjected to tempera- 
tures of superheated steam ranging from 


Augustine, Fla. 
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1 Inspector of Tests, Florida East Coast Railway, St. 


at 


rn, 


600 to 715 F., where fluid film lubrica- 
tion is sometimes replaced by boundary 
conditions. When lubrication is vir- 
tually displaced, experience has shown 
that a cast iron ring with a fully lamel- 
lar pearlitic structure, and moderate 
graphite flake size, has better wear 
resistance than where considerable free 
ferrite is present. The presence of 
cementite results in early scoring of 
both the ring and the liner. 

The micrographs of Fig. 1 show a 
dense structure, small graphite flake 
size similar to No. 7 of the authors’ 
classification, with considerable cemen- 
tite. The fracture was highly mottled. 

The iron of Fig. 2 has a more open 
structure with a moderate graphite 
flake size equivalent to No. 4 of the pro- 
posed classification. The valve rings 
of this material had sufficient tension 
to provide good wall pressure and the 
wear resistance was excellent. 

The Chairman of Subcommittee VII, 
of Committee A-3, on Microstructure of 
Cast Iron pointed out some years ago 
the need for a system of correlating 
microstructure with other properties. 
The present paper adequately classifies . 
the graphite phase. 

The photomicrographs were available 
through the courtesy of E. J. Edwards, 
Chief Metallurgical Engineer, American 
Locomotive Co. 

Mr. G. F. Comstock? (presented in y 
written form).—The paper by Messrs. 
Mahin and Hamilton is timely and 
should result in a useful standard for 
comparing cast iron structures. 


2 Moteiuesist, The Titanium Alloy Manufacturing Co, 
Niagara Falls, N. Y. 
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The titles assigned to the various il- 
lustrations in Fig. 1, however, do not 
seem to be correct. Photomicrograph 
No. 1, for instance, shows not a single 
flake as long as 4 in., yet the title states 
that the flakes in it are at least that long. 
Similarly, No. 2 shows flakes up to 2 in. 
in length, No. 3 up to 1} in., No. 6 up to 
zin.,and No.7 upto}in. There seems 
to be quite a gap between No. 7 and No. 
8, but probably that is permissible. 
Before Fig. 1 is issued as a workable 
standard, the titles should be corrected 
to agree with what is actually shown. 


e Fic. 3. 


A good part of the paper is concerned 
with the matter of reconciling the 
chosen magnification of 100 diameters 
with practical applications which neces- 
sitate a lower magnification, such as 25 
diameters. But why is it necessary to 
use 100 diameters at all in examining 
graphite in cast iron? To the writer 
this seems a mistake which, strangely, 
is too often made. In our laboratory we 
have standardized on 50 diameters for 
this purpose, which is much more use- 
ful for showing a really representative 
view of the graphite in most cast irons 
with a print of ordinary size. The sug- 
gestion is offered, therefore, that the 
magnification of these standard photo- 
micrographs of graphite be reduced to 
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50 diameters to make them more prac- h 

tically useful. | 
Another point which needs careful 

discussion and possibly standardization 

is the method of polishing the specimens 

for comparison of the graphite. The 

proper polishing of cast iron is more 

difficult than that of steel, and even 

though it was not necessary to discuss 

this point in connection with the stand- 

ard grain-size photomicrographs of steel, 

it would be very advisable to do so in 

connection with these photomicrographs 

of graphite. The method of polishing 


Identical Field in Gray Cast Iron Polished by Three Slightly Different Methods. 


is really of fundamental importance, for ~ 
the graphite may be made to appear § ;, , 
either coarser or finer, according to the J ya. 
way the specimen is prepared for exami- § 65, 
nation. It is to be hoped that the Ty 
authors will describe their method of F theg, 
polishing in detail, or propose a detailed spot 
standard method, and too much empha § oo, 
sis cannot be laid on the details sincea J 44, 

slight variation in procedure or materials F pes, 
employed may make a big difference grap 
in the result. Although with this addi- appl 
tion the value of the paper would be § jie. 
enhanced, the authors have already pet grap 
formed a useful service in calling atten- grap 
tion to the need for a standard clas § ote, 


sification of graphite flake size and 
arrangement. 
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Mr. C. K. Donono® (presented in 
written form).—The effect of method of 
polishing upon the appearance of 
graphite under the microscope is an im- 
portant consideration in discussing 
graphite size. The accompanying Fig. 3 
shows three views of the identical field 
in a sample of gray iron when polished 
by slightly different methods. The left 
side of the figure shows the sample as 
fnished on a felt-covered polishing 
wheel using as the polishing compound 
powdered alumina suspended in stearic 
acid. The wheel was almost dry, as 
just enough water was used to prevent 
sticking. The improved definition of 
the graphite in the middle of the figure 
was produced by just touching the sam- 
ple as previously polished to a polishing 
wheel covered with No. 00 carborundum 
paper to remove so-called amorphous 
iron smeared over the surface. To 
avoid scratching, the carborundum 
paper used for this purpose was pre- 
pared by rubbing with an old sample to 
break down the larger protruding grains. 
The “dug-out” appearance of the graph- 
ite on the right side of the figure was 
produced by wet polishing on a felt 
wheel with alumina powder suspended 
in water. The original magnification 
was in each case 100 diameters on a 
6-in. diameter field. 

The distinctly different appearances of 
these three micrographs of the same 
spot on the sample show the need for 
some system of definite requirements in 
the polishing of cast iron specimens 
before any suitable classification of the 
graphite structure can be universally 
applied. In numerous examples in the 
literature showing micrographs of “fine” 
graphite contrasted with “coarse” 
graphite, the only real difference may 
often be in the preparation of the speci- 


_ Assistant Metallurgist, American Cast Iron Pipe Co., 
Birmingham, Ala. — 
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mens photographed. A _ micrograph 
such as that on the left-hand side of the 
figure would seem to indicate a rather | 
high-strength cast iron while a micro- 
graph such as that on the right-hand 
side of the figure would appear to be — 
that of a weak, coarsely graphitic iron, 
whereas, of course, both are from the > 
same sample. 

I should like to ask the authors what | 
method of polishing they used to insure 
that the graphite was neither “dug out” 
nor “smeared over” and if they have 
any suggestions for a polishing method 
which will produce concordant results. — 

The micrographs shown were prepared 
by Mr. E. M. Whelchel of the American ‘ 
Cast Iron Pipe Co. 

Mr. Stoucuton.*—I want 
to support very strongly what Mr. 
Donoho and Mr. Comstock have said 
about the necessity for some standard 
method of polishing, without which, of 
course, we cannot really get any true 
basis of evaluating the iron. 

I think all of us who try to explain 
the high strength of a 60,000-lb. or 
50,000-lb. cast iron on the basis of | 
structure have failed to find a true corre- 
lation, and some method of getting a 
standardized description of structure 
may perhaps bring this into a more sys- 
tematic basis, such as we have, for. 
example, in the alloy steels. It seems _ 
to me, that if we could have a round-— 
table talk on this subject in which a 
number who have been working on it — 
could exchange data, we might really - 
get a long step forward. I think it * 
a splendid thing that Messrs. Mahin and 
Hamilton have started by emphasizing — 
these points. 

Mk. A. J. Herzic.’—I am not quite 
certain that we are justified in paying so” 


‘Director of Metallurgical Engineering, and Dean, — 
College of Engineering, Lehigh University, Bethlehem, Pa. 
* Chief Metallurgist, Climax Molybdenum Company of 


Michigan, Inc., Detroit, Mich. 
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little attention to the different forms of 
graphite. I see no great objection to 
classifying graphite as to size, but we 
must bear in mind that we have five or 
six different types of graphite formation 
and we must recognize that until there 
is some agreement as to the temperature 
and mechanism of formation of the vari- 
ous types, a graphite size classification 
would not only be of limited value but 
would most probably lead to erroneous 
over-emphasis of the graphite size 
factor. The early discussion of the 
ambiguous correlation of grain size and 
abnormality in steel is a situation which 
we should attempt to avoid in devising 
classification schemes for cast iron. 
Messrs. W. E. MAnIn® AND J. W. 

HAMILTON? closure).—Mr. 
Johnson has shown an interesting illus- 
tration of the effect of the microstruc- 
ture of cast iron upon service life in 
a particular application. While the 
authors agree with him regarding the 
importance of the size and quantity of 
microstructural constituents other than 
graphite, it is believed that Mr. Johnson 
may have failed to appreciate the sig- 
nificance of the magnification used for 
classifying the graphite. The method 
described in the paper was designed to 
provide representative records of the 
microstructure of graphite without actu- 
ally taking any photomicrographs. 
This, of course, is analogous to the 
method commonly used for evaluation 
of grain size in steels where the work of 
taking photomicrographs is eliminated 
simply by making reference to grain size 
numbers. The authors strongly recom- 
mend, however, the use of quite low 
magnifications for scanning the speci- 
men, since it has been their experience 


6 Metallurgical Engineer, Westinghouse Electric and 
Manufacturing Co., East Pittsburgh, Pa.; formerly Re- 
search Metallurgist, Vanadium Corporation of America 

7 Research Dept., Vanadium Corporation of America, 
pom Arbor, Mich. 
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that many cast irons are rot sufficiently 
uniform to enable obtaining either a 
single representative photomicrograph 
or a flake size number. This lack of 
uniformity may easily be overlooked or 
at least incorrectly observed at 100 
diameters or higher magnification. It 
is believed that this point has been 
amply demonstrated in the paper. 

Mr. Comstock has questioned the 
necessity for using a magnification of 
100 diameters for the proposed standard 
chart. This was done partly to adhere 
to the standard already established in 
the A.S.T.M. for grain size in steels and 
partly to gain optical resolution for 
the smaller sizes of flakes. It was 
pointed out in the paper that a magnifi- 
cation as low as 25 was not sufficient 
for studying the size of very small 
flakes of graphite. The authors doubt 
whether even 50 diameters would be 
sufficient for the latter purpose besides 
being somewhat excessive for enabling 
the scanning of variations within the 
specimen. 

Mr. Comstock also has questioned the 
suitability of some of the photomicro- 
graphs used in the chart, and the au- 
thors agree with him that perfect exam- 
ples of the range of flake length indicated 
have not always been obtained. How- 
ever, a considerable number of speci- 
mens were examined and the portions 
photographed were selected with a great 
deal of care. The example used for size 
No. 1 could not possibly show a flake 
length of 4 in. when the maximum di- 
mension of the photomicrograph as 
herein reproduced is only 23 in. The 
original photomicrograph did, however, 
show one flake 4 in. in length. 

In order to improve on the present 
chart, it therefore would first be neces- 
sary to enlarge the over-all size of photo- 
micrographs. Also, it might be desir- 
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DISCUSSION ON CLASSIFICATION OF GRAPHITE IN GRAY CAST IRON 


tomicrographs. The authors wish to 
emphasize, however, that this would 
require either a considerable amount of 
work by one or two individuals or else 
the cooperation of a number of labora- 
tories interested in the problem. Again, 
it should be stated that the photomicro- 
graphs actually only are illustrations of a 
specific range in a linear dimension which 
is most accurately studied by actual 
measurement with some sort of an ocu- 
lar, rather than by comparison with 
another photomicrograph. 

Messrs. Comstock, Donoho, and 
Stoughton all have discussed the ques- 
tion of the importance of polishing. 
The authors would like to point out that 
Mr. Donoho’s photomicrographs bear 
out rather well the authors’ contention 
that flake length is not actually influ- 
enced by polishing technique. It is 
true that Mr. Donoho’s photomicro- 
graphs present a different appearance. 
Careful observation, however, reveals 
that the difference is in apparent 
breadth rather than in length of the 
flakes. Although interest has been cen- 
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tered chiefly upon the methods of ob- 
serving flake size, rather than its effect, 
it is not believed that the properties of 
cast iron would be affected by flake 
breadth nearly as much as by flake © 
length. 

It has been the authors’ experience © 
that various methods of polishing may _ 
be used to good advantage by various _ 
persons, but that as much depends upon _ \4 
the ability of the polisher as upon the 
particular materials and steps utilized 7 
in the polishing process. 

The authors agree with Mr. Herzig —C 
that both the causes and the effects of - 
various graphite flake formations and 
sizes require much study. They differ 
strongly with him, however, in his ques- 
tioning the importance of standardized — 
methods of measurement and observa- 
tion of types until the cause and effects 
of these factors are more thoroughly 
understood. It is the authors’ opinion © 
that the latter work can proceed effec- 
tively only when suitable standards are 


generally available. 


| 
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RELATION OF PROPERTIES OF CAST IRON TO THICKNESS OF 


H. L. Campsett! 
“4 ¢ e e 1 
SYNOPSIS 
tin Data are presented on the tensile and compressive strengths of irons cast 


in round bars of different diameter. 


metal in separately cast round bars. 


The physical properties of the metal 
in gray iron castings are affected to a 
greater extent by differences in section 
than those of other cast metals. In 
heavy sections, which cool slowly in the 
mold, the strengths are less than in light 
sections which cool more rapidly. This 
situation is caused by differences in the 
proportion and condition of the graphite 
in the metal. Slow cooling promotes the 
separation of graphite and results in a 
decrease in the tensile strength of the 
metal. 

An investigation has been made to 
determine the extent of the variations 
in the physical properties of different 
classes of cast iron with changes in the 
sections as cast. The plan for this in- 
vestigation was to supplement the results 
of previous studies so as to cover all 
sections of cast iron from } in. to 4 in. 
in thickness. 

The results of a large number of tests 
of cast iron of different compositions in 
sections of 0.875, 1.20, and 2.00 in. are 
given in the 1934 Report of the Society’s 


1 sti Engineer, American Hoist and Derrick 
Co., St. Paul, Minn. 


CASTINGS 


The results of other investigations on 
this subject are reviewed. Experimental test data are summarized on a chart 
which indicates the relation of the tensile strength to the thickness of the 
This characteristic of gray cast iron 
has special significance in the development of designs for iron castings. 


Committee A-3 on Cast Iron.? Boege- 
hold made tests of specimens cast sepa- 
rately in rectangular sections from } 
to 1} in. in thickness after machining 
two sides of the cast bars.® 

Healey obtained data on the tensile 
strength of the metal in a rectangular 
hollow casting having wall thicknesses 
of 4, 1, 2, and 4 in.* which showed that 
an average increase in strength of the 
metal in the }-in. section was 11 per 
cent over that in the 4-in. section. Ap- 
parently, the heat in the heavier sections 
retarded the cooling of the metal in the 
lighter sections. 

Mochel determined the _ tensile 
strengths of the metal in a cylindrical 
casting having sections of 3, 2, 1, 13, 2,3, 
and 4 in. in thickness.® The tensile 
strengths decreased rapidly in the sec- 
tions from } to 1 in. in thickness and 


2 Proceedings, Am. Soc. Testing Mats., Vol. 34, Part J, 
p. 145 (1934). 

2 A. L. Boegehold, “Effect of Section Size on Physical 
Properties of Cast Iron,” Proceedings, Am. Soc. Testing 
Mats., Vol. 30, p. 199 (1930). 

4M. V. Healy, ‘ ‘Comparison of the es ge Properties 
of Different Sections of Cast Iron and of the Standard 
Arbitration Test Bar,” Proceedings, Am. Soc. Testing 


30, p. 206 (1930 
L. Mochel, of on 

Proceedings, 

Part II, p. 145 (1929). 
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more slowly in changing from the 1-in. 
to the 4-in. section. The average in- 
crease in strength of the metal in the 
}-in. section was 42 per cent over that 
in the 4-in. section. 

Bornstein has reported the results of 
tension tests of cast iron of five different 
compositions in separately cast test bars 
having diameters of 0.75, 1.2, 2.0 and 


3.0in.€ Gilligan and Curran in tests on 


"rad 


S 

/rad-~, 


to 3 in. in diameter® show a considerable 
drop in the tensile strength of each iron 
as the section increases. 

Rother and Mazurie found that the 


tensile strength decreased as much as 


53 per cent when the cast section was 
increased from 1 to 3 in.® Bolton’s 
data show a considerable falling off in 
strength as the size of the cast bars 
increases.!° MacPherran ‘ likewise re- 


TABLE I.--CHEMICAL COMPOSITIONS OF HEATS 
or Cast Iron. 


Total | Man- - 

Heat Carbon, ganese, phorus, 

per cent per cent per cent 
3.52 2.47 0.58 0.06 0.41 
SS eee 3.50 2.58 0.59 0.07 0.44 
3.26 2.62 0.64 0.06 0.32 
ee 3.55 2.74 0.66 0.07 0.40 
3.43 2.61 0.60 0.07 0.38 
| > ee 3.45 1.93 0.44 0.14 0.61 
ae 3.55 2.06 0.52 0.13 0.47 
3.30 2.46 0.90 0.10 | 0.18 


* This heat also contained 0.50 per cent copper and 
0.30 per cent chromium. 


‘tiog TABLE II.--AVERAGE TENSILE STRENGTHS OF 
| grads, BS ,-§diam SEPARATELY Cast BARs. 
‘ r Tensile Strength, Ib. per sq. in. 
jare 0.25 | 0.375 | 0.625 | 0.865 | 1.20 
k 53 >| 
“diam. HEAT: 
50 800 | 38 100 | 32 200 | 26 000 | 23 300 
43 800 | 34 800 | 34 900 | 29 250 | 23 750 
§ 41 250 | 33 200 | 27 300 | 23 100 
& aS Roce 46 300 | 36 150 | 32 100 | 26 000 | 21 700 
+ 2" 50 950 | 33 150 | 28 800 | 26 100 | 21 600 
5” 4600 |....... 35 200 | 31 600 | 27 200 
j- 62 750 | 43 000 | 44 000 | 39 200 | 35 400 
L " | Serene 7 44 000 | 42 600 | 36 200 | 32 100 
No. 9.......|.......| 53 700 | 44 400 | 39 000 | 34 700 


Fic. 1.—Tension Test Specimens. 


iron castings up to 103 in. in thickness 
found that the tensile strengths de- 
creased very slowly when the sections of 
metal are larger than 4 in. in thickness.’ 
MacKenzie’s data on separately cast 
bars of different irons in sizes of 0.875 


*Hyman Bornstein, “A Comparison of Various Sizes 
of Test Bars Representing Cast Iron from Five Foundries,” 
Proceedings, Am. Soc. 
p. 152 (1931). ‘ 

’F. P. Gilligan and J. J. Curran, “Effect of Section on 
Tensile Strength of Gray Iron,” The Iron Age, May 19, 
1932, pp. 1106-1107. 


esting Mats., Vol. 31, Part I, 


ported a falling off in tensile strength 


with increase in sections of three types 
of iron.” 
To supplement the results of tests 


8J. T. MacKenzie, American Cast Iron Pipe Co., 
private communication September, 1935 


Cast Iron in Relation to Its Thickness,” Transactions 
Am. Foundrymen’s Assn., Vol. 34, pp. 746-765 (1926). 

10 J. W. Bolton, “On Research Problems of the Gray 
Iron Foundry,” Transactions, Am. Foundrymen’s Assn., 
Vol. 36, pp. 469-512 (1928). ; : 

uR. 3 MacPherran, “Effect of Section and Various 
Compositions on Physical Properties of Cast Iron,” 
Proceedings, Am. Soc. Testing 
p. 76 (1929). 
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reported previously by Committee A-3 
on separately cast bars,? the present 
series of cylindrical test bars, 15 in. in 
length, having diameters of 0.25, 0.375, 
0.625, 0.875, and 1.20 in. were cast of 
irons of different compositions. ‘The 
dimensions of the tension test speci- 
mens prepared from the cylindrical bars 
are shown in Fig. 1. The molds for this 


70000 


and testing the small cast-iron speci- 
mens. All specimens were turned from 
the centers of the cast bars and were 
tested in grips which insured central 
alignment of the loads. The average 
tensile strengths are given in Table II. 
A few specimens contained defects which 
necessitated the exclusion of the test 


results from the series. | 


65 000 |- 
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Thickness of Metal as Cast, in. 
Fic. 2.—Tensile Strengths of Separately Cast Round Bars of Cast Iron 


series of test bars were prepared from 
an oil-sand mixture rammed in flasks 
made of 10-in. pipe. 
formed in a dry-sand core was placed on 
each mold which was poured with the 
test bars in a vertical position. The 
compositions of the nine heats used are 
given in Table I. 

Special care was required i in turning 


A pouring basin . 


The average results of the tension 
tests of the separately cast bars in sizes 
from 0.25 to 1.20 in. in diameter from 
the present series of tests, as given in 
Table II, and on larger sizes as reported 
previously are plotted in Fig. 2. The 
three standard sizes of test bars recom- 
mended in the A.S.T.M. Standard 
Specifications for Gray- -Iron Castings 
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(A 48 — 36)" are shown. Each curve 
represents a different composition of cast 
iron. The curves are the approximate 
boundaries of the A.S.T.M. class C irons 
specified in A.S.T.M. Specifications 
A 48. For example, the area between 
curves A and B prescribes the range of 
tensile strengths of all class 20-C irons, 
which class includes those irons having 
tensile strengths between 20,000 and 
25,000 Ib. per sq. in. when cast in round 
bars 2.00 in. in diameter and tested in 
specimens 1.25 in. in diameter. 

The variations in the tensile strengths 
with thickness indicated by any curve 
in Fig. 2 may be considered as the maxi- 
mum to be expected. With greater mass 
of metal in a casting, even though the 
thickness remains the same, the cooling 
rate will be decreased and the tensile 
strengths will be less. In iron castings 
having sections of different sizes, the 
strength of the metal in any section will 
approach the strength of the metal in 
the next larger section to which it is 
connected, due to the heat in the heavier 
sections retarding the cooling of the 
metal in the lighter sections. Therefore, 
the slope of the curve showing the rela- 
tion of tensile strength to thickness of 
an iron will be Jess when the cooling of 
any section is retarded by a greater mass 
of metal or by the heat from adjoining 
sections. 


Relation of Compressive Strength to T hick- 
ness of Iron Castings: 


Specimens machined from round sepa- 
rately cast test bars were tested in 
compression to determine the relation 


® 1936 Book of A.S.T.M. Standards, Part I, p. 457. 
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of compressive strength to the thickness. 
All surfaces of the specimens were care- 
fully ground, with a length of specimen 
three times the diameter. The speci- 
mens were tested between hardened steel 
blocks, the upper block having a 
spherical seat. 

The results obtained from the tests 
(Table III) ‘indicate that the com- 
pressive strength increases as the thick- 
ness of the cast section decreases at 
about the same rate as the increase in 
tensile strength for the same cast iron. 


TABLE IIT.--AVERAGE COMPRESSIVE STRENGTHS 
OF SEPARATELY CAST BARS. 


ssive Strength, Ib. per sq. in. 
Eiesneter ofl Compressive Strength, lb. per sq. in 


Bars as | 


Cast.....| 0.25 | 0.375 | 0.625 


| 


0.875 | 


000 | 130 000 | 96 200 | 82 800 

125 000 | 99 000 | 98 000 

» | 117 000 | 98 000 | 80 000 
CONCLUSIONS 


The tensile and compressive strengths 


of gray cast iron are dependent upon the ~ 


size of the castings from which the test 
specimens are prepared. 


metal of the same composition in a 
heavy section. 


from which the test specimen was ob- 
tained. 


Acknowledgment.—The author grate- 
fully acknowledges the assistance ob- 
tained from faculty research funds at the 
University of Michigan during the col- 


lection of the test data reported in this 


paper. 
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In giving the tensile 
strength of cast iron, it is necessary 
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DISCUSSION 


Mr. J. T. MacKenzir.'—On behalf 
of Subcommittee XI on Methods of 
Testing, of the Society’s Committee A-3 
on Cast Iron, I should like to request 
Mr. Campbell to give us the details of 
the tests on the small specimens, which 
would be very interesting from the sta- 
tistical standpoint. He notes, for in- 
stance, on page 68, that a few specimens 
contained defects and I think the com- 
mittee would be very much interested 
in the actual number of defects in the 
various size specimens. 

Mr. V. A. Crossy.2—I note with 
particular interest the author’s work on 
compression testing, since most papers 
on this subject lack such data. 

While the conclusions drawn by the 
author in the light of the investigations 
conducted are entirely justified, they 
would not, of course, apply to all com- 
positions of gray irons. Frequent ex- 
ceptions have come to our attention 
where high test irons were under con- 
sideration which showed higher tensile 
values in the larger sections than in the 
smaller sections; as shown by values 
given for bars A and B. A. S. T. M. 
machined tension bars, 0.800 in. in di- 


: 1 Metallurgist, American Cast Iron Pipe Co., Birming- 
ham, Ala. 
2 Metallurgical Engineer, Climax Molybdenum Co., 
Detroit, Mich. 


ameter were used in each case. An ex- 
ample is shown below: 
BRINELL TENSILI 
BAR SIZE, IN. HARDNESS STRENGTH, 
l NUMBER LB. PER SQ. IN 
A ‘2 311 48 400 
B 1.3 286 54 120 
2.0 255 47 100 
(All bars poured from same sprue.) 
Mr. J. G. Pearce? (by letter).—Atten- 


tion is called to additional data on 
strength-size relation of cast iron in 
various papers by the writer.* These 
mainly refer to the transverse test, 
which offers the advantage of testing 
bars on virtually any section that can be 
conveniently cast, with or without skin- 
machining. The establishment of size- 
strength curves in Britain met with the 
comment that bars were tested above 
and below the size limits for which the 
iron concerned would be used in prac- 
tice, but where this is true the resulting 
curves are of great interest and value, 
and many castings exhibit wide varia- 
tions in section. The effect of adjacent 
varying sections in the casting on 
strength is being explored. 


3 Director, British Cast Iron Research Assn., Bir- 
mingham, England. 

4“Use and Interpretation of the Transverse Test for 
Cast Iron,” Journal, Iron and Steel Inst. (British), Vol. Il, 
p. 73 (1928); “Influence of Size of Section on the Strength 
of Gray Cast Iron,” Proceedings, Inst. British Foundrymen 
(1928-1929), ‘‘Design of Engineering Castings in Relation 
to Tests,” Foundry Trade Journal, January 24, 1929; “Cor- 
relation of Mechanical Tests for Cast Iron,’”’ Transactions, 
Am. Foundrymen’s Assn. (1930). 
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A STUDY OF THE EFFECT OF SPAN ON THE TRANSVERSE TEST 
RESULTS FOR CAST IRON 


By J. T. MacKenzie! anp C. K. Donono! 


SYNOPSIS 


This paper investigates the variation in results of transverse tests of cast 
iron caused by varying spans. Tests by previous investigators are dis- 
cussed, as well as methods and results of new tests on rectangular bars of two 
different types of gray iron. By mathematical analysis of results, quanti- 
tative measure of the effect of changing the span to depth ratio is developed 
for bars of both round and rectangular section. 


The conventional beam formulas for where b = breadth of specimen, and 
modulus of rupture and modulus of elas- d = depth of specimen. 
ticity (so called) are based on certain 
mathematical assumptions known to be 
incorrect for a material such as cast iron. 
For round bars the conventional beam 
formulas may be simplified to: 


Investigation of available test results, 
where cast iron bars were tested on vary- 
ing lengths of span, brings out the fact | 
that modulus of rupture and modulus of 
elasticity as calculated are not constant 


with varying span. Lacking informa- 
Modulus of rupture = i (1) tion on rectangular bars, experimental 
™ work was carried out on strips from twc 
Modulus of elasticity = distinctly different types of cast iron 


which indicated the same general trends 


Modulus of rupture L’ (2) as brought out by the data on round 


ddef. bars in the existing literature. 
where W = breaking load, oe Rounp BARS 
= length of span, 
d = diameter of bar, and A survey of the literature revealed a 
def. = ultimate deflection. few series of tests on round cast iron bars © 


For rectangular bars the equations are: Which were of sufficient scope and accu-— 
racy to shed some light upon the subject 

LSWL (3) under investigation. The type of equa-— 
bd? ~ tion used to express the variation of test 
results with varying span was that de- 


Modulus of rupture = 


Modulus of elasticity = veloped by Heller and Jungbluth* for 
Modulus of rupture L? deflection changes with span. 
 6ddef. 

Heller and H. Jungbluth, “Die Wandstarken 

etallurgist, an is etallurgist, respectively, ihre usammensetzung,”’ 

American Cast Iron Pipe Co., Birmingham, Ala. Archiv far “zy € R.- Vol. 5, p. 75 (1934). 
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Heller and Jungbluth* give some re- 
sults on transverse tests of bars of 10, 20, 
30, and 40 mm. in diameter. Bars of 
each size were tested on three different 
spans so that the ratios of span to diame- 
ter were, for each size bar, 10, 20, and 30. 
“Bending strength” per unit section area 
(Biegefestigkeit—comparable to modu- 
lus of rupture) were calculated, and 

expressed for each size bar (Table 5) 


Modulus of Rupture: 


130 


Modulus of Rupture x 


e 


Meller and! 
x Mackenzie | 
Adamson and Bell 


Deflection 


x 
N 


oO 


& 


B 


(Corrected for span) 
} 


| 


+ 
T 


8 


oO 


AND DONOHO 


of Elasticity 


Percentage of the Value for Ratio of Span to Depth = 20 


60 
30 26 22 14 
Ratio, Span to Depth 


Fic. 1.—-Effect of Span on Transverse Test 
Results of Round Bars. 


in per cent of the value for ratio of 
span to diameter equal to 20. By this 
method of expressing results, the values 
obtained for the different diameter bars 
are comparable, since each value is a 
percentage of a value obtained from a 
bar of the same diameter. 

The average values for all sizes and all 
irons tested for the three different ratios 
of span to depth are plotted in Fig. 1. 

For comparison, the results of Mac- 


| 
0 6 2 


Kenzie’ recalculated as a percentage for 
values of span to depth equal to 20, are 
also plotted. In the same figure are 
shown results calculated from tests by 
Adamson and Bell.* 

The deviation of these points from the 
100-per-cent line represents the devia- 
tion of actual test values from the 
theoretical values. That is, by Eq. 1, 
modulus of rupture should be the same 
for a given iron, of given diameter, on 
any length span. 

The equation of the line formed by 
the points calculated from the data of 
Heller and Jungbluth,? and MacKenzie’ 
is found to be 


—0.07 
Percentage value = (7) X 100 


where r = ratio of span to depth 


or 


0.9 
% 
Modulusofrupture;—2) _ (=) 
Modulus of 
(x) 
Therefore these data indicate that, in 
order to make the modulus of rupture 
independent of span, the term represent- 
ing length of span indicated as being 
raised to the first power in Eq. 1 should 
be indicated as being raised to the 0.93 
power. 


Deflection: 


Heller and Jungbluth? from very com- 
plete test data on deflection of bars for 
varying ratios of span to depth found 
that for values of r = 10, 20, and 30 


1.75 
def Xx 


3J. T. MacKenzie, “A Note on the Effect of Span of 
the Results of the Transverse Test of Cast Iron,” Tran 
actions, Am. Foundrymen’s Assn., Vol. IV, No. 4, October 


4C. H. Adamson and G. S. Bell, 
Other Tests on Cast Iron Bars,” 
Memoirs, Vol. XVI, p. 1 (1927). 
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| 4 q On EFFECT OF SPAN ON TRANSVERSE Tests oF Cast IRON 


that is, deflection varies as r'->. By Eq. 
2, however, where modulus of elasticity, 
modulus of rupture, and diameter are 
constant, deflection varies as r’. 


Therefore 


actual def. 


theoretical df. 

Or, according to the data of Heller and 
Jungbluth,? if r = 20 is considered as the 
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This curve is asymptotic to r = 3.59. 
However, it is considered that below 
r= 10, the deflection values are not 
true beam deformations, because the 
conditions approach that of a shear test. 
If three points from MacKenzie’s data 
below r = 10 are disregarded, the curve 
asymptotic to r = 0 which fits the other 


points is found to be 
20 


Percentage deflection 


> 


Average Modulus of Rupture, 
Ib. per sq. in. 


All bars—corrected for span 54 100 


TABLE IT.—0.4 By 0.5-1In. HARDENED STEEL BAR 


TABLE I.—RECALCULATED RESULTs FOR 2.20-IN. DIAMETER BARS. 


18-in. Span|24-in. Span| Difference | 


Average Modulus of Elasticity, 
Ib. per sq. in. 


18-in. Span|24-in. Span) Difference 
| | - 
56 000 


—2000 
53 800 


— 300 


10 080 000) 10 490 000] 
11 200 000] 11 160 000 


410 000 
—40 000 


STRESSED TO 50,000 to 60,000 LB. PER SQ. IN. 


Deflection measured as in Fig. 2. 


| 
112-in. Span) 8-in. Span | 6-in. Span | 4-in. Span 2-in. Span 

30 20) 15 10 7.5 5 
220 360) 415 765 1072 1576 
3, Measured deflection, in....................: | 0.0950 0 0475) 0.0245) 0.0150 0.01 0.0076 
4. Apparent modulus of elasticity, lb. per sq. in.., 30 200 000) 29 200 000; 27 600 000; 24 600 000; 21 100 000; 12 500 000 

5. Load to give 70,000-Ib. per sq. in. fiber stress, | | 

6. Deflection (calculated) for ioads (5) ‘modulus 

Deflection (calculated) for loads (5) to give | 
modulus of elasticity of 30.2, in............ 0.138) 0.0611 0.0344} 0.0153 0.0086 0.0038 
Line (6) — (7) = spurious deflection, Dis sie | 0 0.0022 0 0032) 0.0035 0.0036 0.0054 


standard where actual and theoretical 
values conicide 


actual def. percentage. of 
r —0.25 
theoretical def. = x 100 


This relation is plotted in Fig. 1 with 
the deflection data of MacKenzie,’ and 
Adamson and Bell‘ expressed as actual 
deflection percentages of theoretical 
deflections for varying values of r. 

The equation for the points from 
MacKenzie’s data is approximately 


p ion =(55— 
ercentage deflection (5 


or, deflection varies as span to the 1.90 
power instead of as span to the second 
power. 


Modulus of Elasticity: 


Modulus of elasticity is a function of 
both modulus of rupture and deflection, 
varying inversely as deflection and 
directly as modulus of rupture. Values 
for modulus of elasticity in per cent of 
the value of modulus of elasticity for 
r= 20 from the data of Heller and 
Jungbluth,? and MacKenzie* are also 
plotted in Fig. 1. 
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By the data of Heller and Jungbluth, Sranto Moputus or Mobuuus or 


modulus of elasticity varies as r°-'*. 

By the data of MacKenzie, modulus 
of elasticity—when r is greater than 10— 
varies as r°-%, 

_ Therefore, these data indicate that, 
in order to make modulus of elasticity 
independent of span, the term represent- 
ing length of span indicated as being 
raised to the second power in Eq. 2, 
should be indicated as being raised to 


97 
98 


20 100 100 
15 102 97 
10 105 93 

5 110 


As a check and as an example of the 
use of these correction factors, the re- 
sults of a number of tests on 2.20-in. 
diameter bars made by MacKenzie’ on 


Fic. 2.—Regular Method for Deflection. 


Dial actuated by aluminum beam mounted on knifeedge measures decrease in distance between bottom of bar and 


J bed plate of testing machine. 


the 2.18 power (Heller and Jungbluth) 
or to the 2.03 power (MacKenzie). 


- Correction of Round Bars for Span: 


The table below gives correction fac- 
tors taken from the relations established 
for modulus of rupture and modulus of 
elasticity on varying spans. Dividing 
the values calculated by the conven- 
tional beam formulas by the proper 
factors gives .in each case the value 
which would have been obtained if the 
bar had been broken on a span of 20 


depths. 


18- and 24-in. supports were corrected 
for span, the recalculated results being 
given in Table I. A 2.20-in. bar on an 
18-in. span is a span of 8 depths and on 
a 24-in. span is a span of 11 depths. 
Interpolating from the table of correc- 
tion factors we have for spans of 8 and 11 
depths: 


11 Depras 
Approximate correction 
factor for modulus of 
104 
Approximate correction 
factor for modulus of 
elasticity.............. 909 94 


— 


‘J. T. MacKenzie, “Tests on Cast Iron Specimens ol 
Various Diameters,” Proceedings, Am. Soc. Testing Mats. 
Vol. 31, Part I, p. 160 (1931). 
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As may be seen, there is a definite 
difference between the average values 
from tests on the longer and on the 
shorter span. Modulus of rupture is 
larger on the shorter span and modulus 
of elasticity larger on the longer span. 
When these values are corrected for 
span, the differences become practically 
negligible. 

It must be remembered that these 
correction factors represent only the data 
considered and are not necessarily true 
for all test conditions or for all irons. 


RECTANGULAR BARS 


The experimental work on the rec- 
tangular cast-iron bars involved a large 
number of remarkably uniform speci- 
mens and effort was made to insure the 
accuracy of the measurements. Though 
the same trends were found for the test 
results with varying spans, an hyper- 
bolic equation was found to fit the ex- 
perimentally determined points better 
than the parabolic equaticn used for 
round bars. 

Calibration of Measurements: > 

In the tests on cast iron specimens 
the original deflection measurements 
were in each case the decrease in distance 
between the bottom of the bar under 
the load point and the bed-plate of the 
machine. These measurements were 
made by means of an aluminum beam 
mounted on a knife-edge with one end 
under the center of the bar and the other 
end resting on an Ames dial reading to 
0.0001 in. mounted from the bed-plate 
of the testing machine (see Fig. 2). 

In order to check the accuracy of 
these deflection measurements a hard- 
ened steel bar of the same section as the 
cast iron bars to be tested (0.4 by 0.5 
in.) was stressed to 50,000 to 60,000 lb. 
per sq. in. ultimate fiber stress on each 
of the spans used. It was found that 
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on the first loading the steel bar showed 
appreciable plastic set, that is, did not 
return to zero deflection upon removal 
of the load, so that only the third load- 
ing of the bar, on each span, was re- 
corded. Results of these tests are 
shown in Table II. 

Using the measured deflections the 
moduli of elasticity obtained on the same 
steel bar decreased rapidly with decreas- 
ing span. Measured deflection calcu- 
lated to 70,000 lb. per sq. in. fiber stress 
less the calculated deflection to give the 
modulus of elasticity of 30,200,000 lb. 
per sq. in. was considered to represent 
the spurious deflection. (Of course, 


Fic. 3.—Method for Deflection Used in Cali- 
bration. Dial is hung by a yoke from neutral 
axis of bar above support points. 


there is some spurious deflection in the 
test on a 12-in. span, from which the 
figure of 30,200,000 was obtained, but 
this was considered to be a negligible 
proportion of the measured deflection.) 

The above calculation of error in de- 
flection readings is based on the assump- 
tion that the modulus of elasticity of 
the steel bar calculated by the ordinary 
beam formula is constant for the lengths 
of span investigated. This would seem 
to be theoretically untrue, as it is evi- 
dent that as length of span decreases a 
proportionately larger part of the meas- 
ured deflection will be due to shear 
strain instead of true beam deflection. 
In order to check this point an effort 


he 
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104 
94 
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was made to measure in so far as possible 
the true deflection of the steel bar on 
the short spans, obviating previous de- 
flection errors. 

The Ames dial reading to 0.0001 in. 
was attached to a yoke hung from two 
s-in. round pins through the neutral 
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This test gave deflection values much 
smaller than those of the previous 
method. Modulus of elasticity values 
for the same steel bar obtained by this 
method on both 3and 2-in. supports were 
always within the range of 28,500,000 to 
31,500,000 lb. per sq. in. (see Fig. 4). 


1000 


800 


Fic. 4.—Stress-Strain Curves for a 4 by 5-in. 
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0.001 0.002 0003 0004 0.005 0.006 0.007 
Measured Deflection, in. 


Hardened Steel Bar, Showing Spurious Deflection 
Obtained in Ordinary Method of Measurement. 


Solid Circles are from method shown in Fig. 2. 
Open Circles are from method shown in Fig. 3. 


axis of the bar exactly above the sup- 


port points. The tip of the dial rested 
on the bottom of the bar at the center 
of the span and directly beneath the 
load point (Fig. 3). By this method, 
the crushing of the bar at the support 
points, the compression of the supports, 
etc., did not appear as measured deflec- 
tion. 


Since this is a check with the 
30,200,000 Ib. per sq. in. modulus of 
elasticity found on the 12-in. span it 
would seem that the deflection due to 
shear, even on 2-in. span, is not enough 
to be detected by the test methods used, 
and that the values shown in Table II 
as spurious deflection are approximately 
correct. 
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Calibration of the weighing device for 
measuring loads showed the maximum 
error to be in the order of 1 per cent. 


Fic. 5. 
12-in. Pipe. 


Segment of a Ring Section of a 


Shaded portions show section of test specimens. 


TABLE IJI.—Summary OF TESTS ON Mono-Cast StRIps. 

|12-in. Span 8-in. Span | 6-in. Span | 4-in. Span | 3-in. Span | 2-in. Span 
30| 20 15 10 7.5) 5 
9 10 13 10 10 9 
Average modulus of rupture, lb. per sq. in....... 68 200 67 600 68 200 68 500! 69 700) 72 800 
Deflection corrected to 8-in. span, in............ 0.1642 0 1648 0.1660 0.1824 0.1850 0.2210 
Average modulus of elasticity, lb. per sq. in..... 11 100000 11000000 11 100000 10000 000) 10 000 000; 8 750 000 

TABLE IV.—-SuMMARY OF TESTS ON SUPER-DE LAVAuD Strips. 

|12-in. Span] 8-in. Span | 6-in. Span | 4-in. Span | 3-in. Span | 2-in. Span 
Average modulus of rupture, lb. per sq. in....... 61 400 62 400: 62 500) 63 900 66 600 72 000 
0.3970) 0.1828 0.1039 0.0480 0.0348) 0.0191 
Deflection corrected to 8-in. span, in............ 0.1765 0.1828 0.1846 0.1920 0.2477 0.3057 
Average modulus of elasticity, lb. per sq. in..... 9 300 000! 9100000 9000 000) 8 860 000; 7 200000) 6 300 000 


Results on 0.4- by 0.5-in. Rectangular 
Cast-Iron Transverse Test Specimens: 


From a 14-in. long ring section of a 
12-in. class C mono-cast pipe were cut 
thirty-six }-in. wide strips. The wall 
thickness of the pipe was 0.68 in., but 
after cutting, the strips were planed 
down to 0.40-in. thick, equal cuts being 
taken on the inside and outside surfaces 
(see Fig. 5). 

The resulting strips, 0.40 by 0.50 in. 
in section, were broken on a 5000-lb. 
Rhiele universal testing machine in the 
transverse test with single point loading 
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at the center. In each case that side 
of the strip originally nearest the outer 
surface of the pipe was the tension side. 
At least ten tests were made on each of 
the following spans: 12, 8, 6, 4, 3 and 
2-in. Except for the 12-in. span speci- 
mens which were the full 14 in. long, the 
specimens for the other spans were cut 
to a length 1 in. greater than the span, 
so that there was little overhanging. 
No test was made on broken halves from 
another test. 7 


Tests inwhich flaws were noted at the 
break, or in which faulty seating on the 
supports gave unreliable deflection 
values, were thrown out. Rate of move- 
ment of the loading head in all tests was 
0.066 in. per min. In calculating the 
results shown in Table III, the ultimate 
deflection readings were corrected for 
the error in deflection as determined in 
the section above on Calibration of 
Measurements. Figure 6 shows these 
results graphically with the spread indi- 
cated by frequency curves about each 
average point. The deflection values 
plotted are corrected by the conven- 
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Unetched (X 100). Etched in 2 per cent Nital (< 500). 
Fic. 8.—Mono-Cast Strip. 
Chemical Analysis, per cent: Manganese 


Phosphorus 
Total carbon ; Nickel 


Unetched (X 100). Etched in 2 per cent Nital (< 500). 
Fic. 9.—Super-de Lavaud Strip. 


Chemical Analysis, per cent: 


Sulfur: 
Gravimetric......... cocccccccese Oe Rockwell Hardness, “R” scale, 86, 85, 85. 
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tional beam formula to a span of 8 in. by 
the equation 


Corrected deflection (8-in. span) = 


Deflection (span = x) , 
x 


This was done in order to make the de- 
flection results comparable, and so that 
the deviation of the points from a hori- 
zontal line represents the deviation of 
actual test measurements from the 
theoretical beam formula relations. 

This series of tests was repeated for 
a different type of iron using strips 
cut from a 12-in. super-de Lavaud pipe 
of the same thickness. Table IV and 
Fig. 7 show the results obtained in the 
tests of these specimens. 


In Figs. 8 and 9 are shown micro- 


graphs and analyses of the two irons 
tested. The mono-cast pipe is centrif- 
ugally cast against a sand-lined mold. 


The super-de Lavaud pipeis centrifugally 
cast against a water-cooled steel mold | 
which has been coated witha pulverulent | 


material and then annealed. 
Mathematical Analysis: 

The type of equation which seems to 
fit best the average points for the test 
values (Figs. 3 and 4) is an hyperbolic 
equation of the os type: 


where T = test results (modulus of rup- 
ture, corrected deflection, 

or modulus of elasticity), 

length of span, expressed in 


depths (3 
constant representing the 


ultimate value of the test 
result for an infinitely long 
and 


2 


C = constant which determines 
the rate at which the test 
_ result departs from the u 
timate value l’ with de 
creasing spans. Also the 
sign of C determines the 
direction of the curvature. 
These constants have been evaluated 
for the test data shown (Table V), and 
the curves obtained from the equations 
are drawn through the points in Figs. 
6 and 7. 


TABLE V.—CONSTANTS FOR Eq. 5 GIVING 
CuRVES TO Fit THE ‘TE st Data. 


Mono-Cast Super -de Lavaud 


Modulus of 
Rupture 
Corrected 
Deflection 
Modulus of 
Elasticity 
Modulus of 
Rupture 
Corrected 
Deflection 
Modulus of 
Elasticity 


we 


CONCLUSIONS 


1. Modulus of rupture increases with 
decreasing span. 

2. Deflection, of course, decreases 
with decreasing span, but the decrease 
is much less than the conventional beam 
formula would indicate. 

3. Modulus of elasticity decreases 
with decreasing span. 

4. The rate of change of the valuesfrom 
these super-de Lavaud strips with decreas- 
ing span is generally greater than that of 
the values from mono-cast strips. This 
is evidenced by the C values in the equa- 
tion used, which show the C for the 
super-de Lavaud test roughly twice as 
large (numerically) in each case. 

5. The amount of the effect of chang- 
ing span depends largely upon the prop- 
erties of the iron. 
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Mr. H. W. Stuart! (presented in 
written form).—Messrs. MacKenzie and 
Donoho have presented a very interest- 
ing paper, in that they have shown 
what can be expected when testing cast 
iron on spans shorter than are generally 
used. Since the results obtained show 
practically no effect of span except for 
the 4, 3 and 2-in. spans, it is interesting 
to investigate the results of these short 
spans more closely. Although consid- 
erable effort was made to make these 
tests under uniform conditions, there 
was a great deal of difference in the 
speed of load application on the various 
spans. It is stated in this paper that 
the rate of movement of the loading 
head was 0.066 in. per min. in all tests. 
This being the case, actual load applica- 
tion was made at rates of approximately 
50 lb. per min. on the 12-in. span and 
9500 lb. per min. on the 2-in. span. 
This wide difference in rate of load 
application has two effects: (1) very 
rapid testing has a tendency to give 
higher results; (2) the same accuracy 
cannot be expected from the test ma- 
chine at these widely variable speeds. 

Aside from speed of testing there is, 
I believe, a very definite reason for 
higher rupture and lower elasticities 
being obtained on the very short spans. 
The beam formula is based on the fact 
that maximum stress occurs directly 
under the point of load application and 
decreases directly from this point to 
zro over the supports. We know 
that this is not strictly true and a con- 


__' Research Dept., United States Pipe and Foundry 
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siderable portion of metal adjacent 
to the center of the span is stressed to a 
point higher than it theoretically should 
be. As the span is changed, the 
portion of the beam which is stressed 
higher than it should be does not neces- 
sarily vary directly with the length 
of span. The results obtained by 
Messrs. MacKenzie and Donoho would 
indicate that on the very small spans 
a considerably greater portion of metal 
is stressed above that which it the- 
oretically should be, and the stress 
distribution diagrams in the accom- 


Probable Breaking 
Stress 


4" Span Theoretical %--2" Span Theoretical 


reaking Stress 


Fic. 1.—Variation in Theoretical Breaking 


Stress with Length of Span. 
panying Fig. 1 show that such a result 
is to be expected. This metal which is 
stressed higher than it theoretically 
should be of course produces an increase 
in deflection and a consequent lower 
modulus of elasticity. The fact that 
the material having the lower modulus 
of elasticity on the longer spans changed 
a greater amount on the shorter spans 
is, I believe, very good evidence of this 
point. 

Conclusion 1—‘‘Modulus of rupture 
increases with decreasing span” and 
Conclusion 2—‘Modulus of elasticity 
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decreases with decreasing span” are 
limited by the data to the spans under 
6 in., and with this as a basis it might 
be well to conclude further that trans- 
verse testing should be limited as far 
as possible to spans equal to at least 
fifteen times the height of the specimen 
being tested. 

Mr. W. J. Scuiick? (presented in 
written form).—The authors have pre- 
sented the results of an interesting 
study, and have drawn conclusions in 
conformity with the data. However, it 
seems probable that the relationships 
shown between the span-depth ratio 
and the physical properties of the 
specimens may have resulted more 
from the method of test than from 
characteristics inherent in cast iron 
as a material. 

If the loading conditions are such that 
the beam is in pure flexure at the 
location of the failure, and if the beams 
of different depths and spans are uniform 
in physical properties, the resisting 
moments (or resisting strengths) will 
vary with the depth, and will be inde- 
pendent of the span. If the beams 
be uniform in both cross-section and 
physical properties, as were those of 
each of the two series of rectangular 
beams (mono-cast and super de Lavaud), 


the resisting moment for each series 
_ should be constant. If the beams are 


+ 


_ of different depths and have the general 
elastic and strength properties of cast 
iron, the moduli of rupture may not 
vary directly with the actual resisting 


- moments, since the relative positions 


of the actual and assumed neutral 
surfaces may not be constant. 

If the beam be loaded at midspan, all 
transverse sections, except the section 


_ both shearing and flexural stresses. The 
unit shears for beams of uniform cross- 


*Civil Engineer, Engineering Experiment Station 
Iowa State Colle Ames, lowa. 


section will vary directly with the break- 
ing loads, thus decreasing with increas- 
ing span. Thus, the moduli of rupture 
of cast iron beams testing with center 
loading may vary with both span and 
depth. However, if the beams be of 
uniform depth, as were the rectangular 
beams reported in this paper, variations 
in moduli of rupture would appear to be 
functions of span only, and not of the 
span-depth ratio. 

It appears also that the method of 
loading used may have introduced some 
restraint at the load and the supports. 
This phase of the problem has a parallel 
in the development of the flexure test 
for piain concrete beams. A few years 
ago the materials laboratory of one of our 
state highway departments found that 
the moduli of rupture of concrete beams 
were varying with some function of the 
span-depth ratio. Before this relation- 
ship could be evaluated it was found that 
the variation in moduli was due, in part 
at least, to restraint at the supports. 

About three years ago the Committee 
on Materials of the American Associa- 
tion of State Highway Officials sponsored 
an extensive study of the effects of span, 
width and depth upon the moduli of 
rupture of plain concrete beams. All of 
the beams were tested, with third-point 
loading, in an apparatus which removed 
practically all possible restraint at both 
loads and supports. The results of the 
tests showed that span and width had 
negligible effects, but that the moduli 
decreased from 860 lb. per sq. in. for 
beams 4 in. deep, to 760 lb. per sq. in. 
for beams 10 in. deep. However, there 
was one element of uncertainty which 
indicates that a portion of this reduction 
in modulus of rupture was due to the 
procedure followed, and not to character- 
istics inherent in concrete. Although 
the effect of this element of uncertainty 
cannot be evaluated numerically, it 
would seem that, with third-point 
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loading and removal of restraint at 
loads and supports, the variation in 
modulus of rupture with span and depth 
is small. 

Unfortunately our knowledge of the 
action of cast iron under flexure necessi- 
tates that such problems be studied 
empirically. Messrs. MacKenzie and 
Donoho have presented data for one 
method of loading and one depth of 
beam. It would be interesting to see 
similar results for beams in which the 
depth was varied, and for beams tested 
with other conditions of load and 
support. 

Mr. J. B. Kommers® (presented in 
written form).—To those who have 
occasion to study tests of cast iron, this 
paper is of considerable interest, because 
the results show so definitely how the 
strength of the specimen is influenced 
by the ratio of the span to the depth of 
the bar. 

The deflection results on the hardened 
steel bar indicate that in order to obtain 
accurate measures of deflection, the 
device used in measuring deflection 
should be supported from the neutral 
axis of the test bar immediately above 
the supports. 

The practical conclusion to be drawn 
from these tests is that transverse 
specimens of cast iron must be standard- 
ized in order that comparable strength 
results may be obtained. Furthermore, 
if the deflection of cast iron beams is to 
be determined accurately, the technique 
used in measuring deflection should be 
standardized. 

Mr. M. O. WitHey‘ (presented in 
written form).—The data presented on 
the effect of the ratio of span to depth 
on the modulus of rupture of rectangular 
cast iron bars are of value in making 
. * Professor of Mechanics, Engineering College, Univer- 
sity of Wisconsin, Madison, Wis. 
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strength comparisons when tests of 
such material are conducted on speci- 
mens differing in dimensions. 

The data labeled modulus of elasticity 
are misnamed. The application of this 
terminology should indicate that the 
load-deflection curves for these speci- 
mens were straight lines up to the break- 
ing loads. From the data presented, 
this is evidently not the case. If this 
so-called “modulus of elasticity” has a 
definite value, would it. not be better to 
name it the “stiffness factor’? 

The experience of the authors serves 
to emphasize the importance of eliminat- 
ing spurious deflections in transverse 
tests of brittle materials due to localized 
deformations at contacts and machine 
deformations. 

It would seem that more informative 
data on cast iron would be obtained if, 
in general, the load-deflection curves 
were determined. By this procedure 
it would be possible to ascertain from a 
single test the modulus of elasticity, 
measuring stiffness at working stresses; 
the modulus of rupture, measuring 
strength; the energy of rupture (area 
under curve), measuring toughness; the 
maximum deflection, measuring flexibil- 
ity; and the character of fracture. 

Mr. H. F. Moore®.—The authors are 
indeed to be commended for pointing out 
the serious errors which may arise from 
the measurement of deflections of beams 
by the use of apparatus which includes 
deflection of machine parts. At the 
University of Illinois it has frequently 
been found convenient to measure not 
the deflection of a beam, but the change 
of slope from end to end, or between two 
definite points along the beam. This 
change of slope’¢an be measured by the 
motion of pointers attached directly to 
the beam,with some micrometer arrange- 
ment measuring the change of distance 


& Professor of Engineering Materials, University of 
Illinois, Urbana, Ill. 
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between the ends of the pointers, as is 
shown in the accompanying Fig. 2. 

The strain along the extreme fibers 
of the beam, and the modulus of elastic- 
ity, can be determined from this change 
of slope as readily as from the deflection. 

Might I suggest that, if modulus of 
elasticity is determined from the slope 
of a straight line from the origin of the 
stress-strain curve to any point on that 
curve, the term “secant modulus” be 
used, and if the modulus of elasticity is 
determined from the slope of the tangent 
at the chosen point on the stress-strain 
curve the term “tangent modulus’’ be 
used. This follows a practice rather 
common in concrete testing. 


Micrometer Gage. 


Ke 


‘711/77 444/444 / 
Slope of Beam at Support = tan @ 
9x Micrometer Reading 
2h 
-Measuring Change of Slope. 


Fic. 2. 


Mr. W. L. Cortins*.—During the 
past year a few tests of rectangular cast 
iron bars for determining the effect of 
span-depth ratio on the modulus of 
rupture in bending were made at the 
University of Illinois. The tests were 
entirely of an exploratory nature and the 
only definite conclusion reached was 
that the problem was one requiring 
further study. 

From the tests that were expected to 
give the best results some differences 
from the findings of Messrs. MacKenzie 
and Donoho were noted. In the low 


* Instructor, Theoretical and Applied Mechanics, Uni 
versity of Illinois, Urbana, Ill. 


range of span-depth ratios the value of 
modulus of rupture did not decrease 
rapidly and for the longer span-depth 
ratios some surprisingly high values were 
found. 

Mr. J. E. Hurst’ (dy letter).—The 
conventional beam formulas for modulus 
of rupture, elasticity, and deflection are 
based upon a mathematical considera- 
tion of the case of “simple bending” in 
which one of the important assumptions 
made is that shearing forces are absent. 
Not only are these conventional for- 
mulas known to be incorrect for cast 
iron, but they are of course of an approxi- 
mate charactei only for all materials. 

Numerous attempts have been made 
to incorporate the deviations from 
“simple bending” into mathematical 
considerations of bending with the object 
of obtaining relationships which shall 
more nearly represent the results ob- 
tained by experimental methods. Rela- 
tionships of logarithmic and exponential 
character have been produced from 
such considerations, which bear com- 
parison with expressions derived from 
experimental results such as those shown 
by the authors. The fundamental diff- 
culty always remains that the magnitude 
of deviation of actual test measurements 
from the theoretical or mathematically 
derived beam formula relations is always 
found to depend largely on the qualities 
of the material. This is particularly 
true in the case of cast iron and is very 
clearly demonstrated by the authors in 
their experimental results obtained from 
samples of “Sand Spun” and “Metal 
Mould” centrifugally cast material. In 
the case of these specimens the constant 
related to the effect of decreasing span 
differs roughly about 100 per cent in the 
two materials. The authors would no 
doubt agree that materials produced 
by the same processes but of different 

7 Lichfield, Staffordshire, England. 
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compositions would not of necessity 
yield results similar in magnitude to 
those reported for the particular speci- 
mens examined by them. 

The tests summarized in Tables III 
and IV were conducted on specimens ob- 
tained from a single pipe in each case and 
my attention is attracted by the degree 
of “scatter” of the results about each 
average point. This in itself is an illu- 
minating comment on the difficulty of 
formulating mathematical relationships, 
conventional or otherwise, but it also 
indicates the direction of further inves- 
tigation work. 

Mr. J. G. PEARCE® (by letter).—Data 
supporting the author’s first three con- 
clusions may be found in my papers to the 
Iron and Steel Institute, 1928, Vol. II, p. 
73 and 1934, Vol. I, p. 331, and a note 
on span influence on transverse strength 
was given in the Bulletin of the British 
Cast Iron Research Association, 1929, 
p. 97. I have examined much experi- 
mental data with a view to evolving 
mathematical relations covering the 
effect of span changes on rupture modulus 

which in Britain we now prefer to call 
transverse rupture stress), deflection 
and elastic modulus, but have always 
concluded that the experimental terms 
involved vary from iron to iron, and am 
apprehensive that figures published for 
particular irons may be applied to others. 
The most satisfactory method is, there- 
fore, to work on a standard span for a 
given size of bar. 

In view of the admitted inaccuracy of 
using the total deflection figure in such 
equations as Eqs. 2 and 4 of the present 
paper, in the second of the above- 
mentioned papers I separated the plastic 
component from the total deflection, a 
quite simple procedure, and suggested 


‘ that the difference, conveniently termed 


_* Director, British Cast Iron Research Assn., Bir 
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‘elastic deflection, forms a more accurate 


basis for the deflection figure in such 
calculations. Elastic modulus results 
between different irons become more 
consistent, for elastic deflection figures 
depend on the matrix, and do not differ 
widely from iron to iron. The plastic 
deflections, however, vary very widely. 
A brittle iron (high in silicon or phos- 
phorus) has a low, and a tough iron a 
high plastic deflection or permanent set. 
The high deflection of austenitic irons 
is due to high plastic deflection, and 
treatment in this way makes them con- 
sistent with other irons in regard to 
elastic modulus, while use of total 
deflection gives an absurdly low figure. 
Further experience has confirmed that 
many elastic deflection graphs bend 
slightly to the deflection axis, but not 
sufficiently to preclude treatment on 
the lines suggested, and the general 
results have been confirmed by Harbach, 
Foundry Trade Journal, August 20, 
1936. 

Messrs. H. JUNGBLUTH® AND P. A. 
HELLER? (by letter) (translation of dis- 
cussion submitted by letter).—The findings 
by MacKenzie and Donoho on the 
dependence of the bending strength 
(o’,) and the deflection (F,) on the span- 
depth ratio (A = 1,,;4) are in excellent 
agreement with those of our own work. 
This is especially true in the range 
A = 10 tod’ = 30. The authors show 
truly that under A = 10 not only bending 
stresses but difficultly evaluable shear 
stresses come into the problem, so that 
the observed values are no longer the 
properties of the material but of the test 
conditions. 

It is not quite clear on what grounds 
the authors have chosen the exponent 
—().07 for bending strength. It appears 
to us that our value of —0.105 is nearer 
the truth. The difference is indeed 


* Fried Krupp Aktiengesellschaft, Essen, Germany. 
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small but still the values given in Table I 
show that —0.105 gives a closer approxi- 
mation: 


MR = 20) * = 20) * 
20 20 
— 
Dif- Dif- 
18in.| 24in.| fer- | 18in.| 24in.| fer- 
ence ence 
Observed... .|58 000156 000| —2000|58 000|56 —2000 
Calculated... 100|53 70 700| —400|52 700/52 500} —200 


This example shows chiefly that the 
equations are of importance for conver- 
sion of test results on different spans, 
chiefly when evaluating the work of 
foreign investigators. We think it would 
be helpful to prepare tables for the con- 
version of American to German tests 
(1.2 by 18 in. to 30 mm. by 600 mm.) 
and vice versa. A suggested table fol- 


lows: 
{| Ger 
} Test Bar American Test Bar 
Form of Test || 
30 mm. by 1.2in. by | 1.2 in. by 
600 mm. 12 in. 18 in. 
| kg. per sq. | kg. persq. 
| mm. X mm. X 
g 87.0 = 553 = 
3 30 mm d d 
mm. X 
0.0117 = 0.0243 = 
inches inches 
pounds X 7 pounds X 
0.0115 = 0.96 
kg. per pounds 
1.2 in. by sq. mm. 
12 in. 
inches inches 
834.0 = 04 = 
‘ 3 | mm inches 
| pounds X | pounds X 
0.0181 = 1.06 = 
kg. per pounds 
1.2 in. by sq. mm. 
18 in —— 
inches XX | inches X 
41.2 = 048 = 
mm. inches 


Mr. J. T. MacKenzie" (author’s clo- 
sure).—This work was not intended to 


10 9 ag American Cast Iron Pipe Co., Bir- 
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develop any theory. It was first devel- 
oped as a report to the Flexure Testing 
Section of the Society’s Committee E-1 
on Methods of Testing, and was simply 
designed to show the order of error that 
may be encountered with the ordinary 
setup for deflection. One reason we 
went to these machined specimens is 
that it is very difficult to get a rectangu- 
lar bar truly flat and have it lie down on 
the support so that a cast flat bar is 
really not reliable for such measure- 
ments. The idea of course was to show 
the point that whenever you are meas- 
uring deflections which depend on the 
relative motion of the bottom of the bar 
and the bed of the testing machine or 
the head of the cross-head, which is 
much worse, that you must look out for 
very large errors in deflection. They 
do not become important on long spans. 
But on something like the Fremont test 
specimen, which is 30 mm. span, and 10 
mm. deep, or a ratio of span to depth of 
three, which is well down in the range 
which we investigated, it is quite 
apparent that no accuracy is possible 
unless it is done by some scheme such as 
Moore proposes or the scheme we are 
using. We discovered when Talbot 
was making his tests at the University of 
Illinois the misuse of the term modulus 
of elasticity. This has been apologized 
for so much we thought it would be 
trite to repeat the apology, but “stiffness 
factor” might be a good word; still the 
formula which we use to determine it is 
given in all the engineering and mathe- 
matical text books as the formula con- 
necting load and deflection; so, with full 
knowledge of what we are doing, we use 
the words “modulus of elasticity.” I 
do not think that Moore would seriously 
quarrel with us about continuing that 
terminology. As to Mr. Schlick’s state- 


ment that there is only one test, he 
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overlooked the first half of the paper 
which reports tests on bars up to 2.2 in. 
in diameter. Jungbluth and Heller 
used 1.2 and Adamson and Bell used a 
range from 0.75 up to quite large bars, 
and so, while the rectangular results 
are only on a 0.4 in. specimen, it is not 
true that the paper as a whole is on only 
one beam. 

When we go to very long spans, we get 
a curve beam problem which interferes 
with the ordinary calculations. As an 
illustration, we cut a 3-in. strip out of a 
16-ft. pipe and tested it as a beam 15 ft. 
long. This was 0.34 in. in thickness 
and when suspended by wires from the 
ceiling, so as to allow the ends to move 
freely, the deflection due to its own 
weight was 30 in. or a calculated modu- 
lus of elasticity of 10,000,000 Ib. It 
broke with a deflection of 50 in., having 
pulled in 21 in. from the sides. When 
this is calculated on a conventional beam 
formula on the original span it gives 
82,500 Ib. modulus of rupture with a 
modulus of elasticity of 30,000,000 Ib. 
Pieces of this broken in the same way on 
normal spans of 10 in. gave a modulus 
of rupture of 48,000 lb. and a modulus 
of elasticity of 9,000,000 Ib. Two pieces 
of the same strip tested on 60-in. spans 
with center loading broke with a modu- 


lus of rupture of 46,000 lb. and with a 
modulus of elasticity of 11,000,000 Ib. 


This shows clearly that the transverse — 


test must be held within reasonable 
limits in both directions. 

In regard to the question raised by 
Messrs. Jungbluth and Heller that the 
exponent of the equation to fit the points 
for modulus of rupture in Fig. 1 should 
be —0.105 rather than —0.07 the 
authors are in some doubt as to what is 
meant. If only the three points from 
the data of Messrs. Jungbluth and Heller 
(loc. cit.) are considered, the equation 


Percentage value = Ga 9-07 & 100 


fits better than the same equation with 
an exponent of —0.105 as the following 
table shows: 


Ratio, span to depth............... 10 20 
in percentage of value for ratio of 
span to depth = 20............... 105 100 
Values obtained from percentage = 
x 100 


Values obtained from percentage = 


\ 70-105 

If MacKenzie’s points as plotted in 
Fig. 1 are also considered the difference 
in the goodness of fit is even more 


marked. 
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105 100 97.5 
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THE TENSILE STRENGTH OF CAST IRON 


By J. O. Drarrin' AND W. L. 


SYNOPSIS 


_ A report is presented on tests made to study the influence of surface defects 
on specimens held in flat and V-notch grips; on threaded-end specimens, both 
solid and hollow, to determine the effect of the interior portion on the distri- 
bution of stress over the cross-section; and on specimens with ends threaded 
on the outside and on the inside to study the effect of the location of threads 
on the strength of the specimen. Strain-gage readings of longitudinal defor- 
mation or strain were taken at small increments of load from zero to rupture 
on six gage lines spaced equally around the circumference of the specimen. 
Tests were made with both axial and eccentric loads. 

Abrupt decreases in section appear to weaken the specimen more than 
surface defects. Relatively little difference was found between the strength 
of solid and hollow specimens, though the solid ones were slightly stronger. 
There was practically no difference between the strength of specimens with 
outside and inside threads. Attempts to produce eccentricity of loading by 
wedging the spherical bearing gripping device were successful at low loads 
but as the loads were increased the device adjusted itself so as to relieve the 
bending. ‘Tensile strengths were approximately as great under eccentric 
loads as under axial loads. Specimens were unloaded from different stresses 
and reloaded to failure and this unloading and reloading had no apparent 
effect on the tensile properties. Permanent set after rupture was measured 
in a number of cases and was found to be about 40 to 50 per cent of the total 


deformation at rupture. 


In many cases a knowledge of the 
tensile properties of cast iron is of con- 
siderable importance. This _ tensile 
strength is usually found by testing 
specimens of various sizes and shapes 
which are held in various ways; conse- 
quently there is a question as to the 
correctness of the results. This uncer- 
tainty regarding strength properties 
arises partly from the fact that for any 
given pouring they often vary within 
rather wide limits. Such variations are 
commonly attributed to one or more of 
three reasons, namely, (1) unaccountable 


! Professor, and Instructor, respectively, Theoretical and 
Applied Mechanics, University of Illinois, Urbana, Ill. 


differences in the quality of the metal, 
(2) localized stresses caused by internal 
discontinuities, surface defects, or abrupt 
changes in cross-section, and (3) acci- 
dental eccentricity of loading. 

The data reported in this paper were 
obtained as a part of a larger investiga- 
tion of the mechanical properties of cast 
iron which the authors are carrying on 
in the Engineering Experiment Station 
of the University of Illinois. In the 
course of the investigation it became 
evident that the actual tensile properties 
of the material, such as ultimate strength 
and unit strain or deformation at rup- 
ture, had to be determined. This re- 


spec 
con 
con 
row: 
tior 
was 
(1) 
deft 
of 
me 
line 
of 1 
stre 
tes 
con 


_ =~ distr 
influ 
. of h 
eccel 
stud 
= me 
T 
state 
were 
> 
88 | 


quirement involved a knowledge of the 
distribution of the longitudinal strain on 
different sides of the specimen and the 
influence upon the strength and strain 
of the kind of specimen used, the method 
of holding it, and the effect of slight 
eccentricities. It was also desired to 
study the influence of surface conditions 
on the tensile properties. 

To obtain information on the points 
stated above, two types of test specimens 
were used, a small round-hexagonal 
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tral portion had been drilled out, and (3) — 
the effect on tensile strength of the 
method of applying load, studied by 
using specimens with threaded ends, © 
some with the threads on the outside 
and companion specimens with the 
threads on the inside, and also by apply- 
ing the load eccentrically to some of the i) 
specimens. 
Acknowledgment is made to Prof. es 
H. F. Moore for suggestions on the type 


of specimens used and to Prof. C. H. 


005 Standard Thread. 
08"diam 
* 
Solid Specimen with Outside Threads 
Location of 
"rad 


005" Standard Thread ~~ Strain Gage Holes 


he 

== 


Solid Specimen with Inside Threads 


Hollow Specimens are similar to Solid Specimens 
but hove !," holes reamed to %" drilled along the axes 


al, Fic. 1.—Test Specimens. 
a! 
pt specimen, tested mainly in the as-cast Casberg and Mr. J. F. Wooddell of the 


condition, for the study of surface 
conditions, and a carefully machined 
re round specimen to study other varia- 


a- tions. The second type of specimen 
ist was used to investigate the following: 
on (1) the distribution of the longitudinal 
on deformation around the circumference 
he of the specimen, studied by taking 
ne measurements on six longitudinal gage 
ies lines spaced 60 deg. apart; (2) the effect 


th of the inner portion of the specimen on 
stress-strain relationships, studied by 
testing specimens which were solid and 
companion specimens in which the cen- 


Machine Laboratories for supervising 
the making of the castings. = 


MATERIALS AND SPECIMENS 
Round-Hexagonal Specimens.—The 
specimens used to determine the effect 
of surface conditions were of a good 
grade of cast iron purchased from a 
commercial foundry. They were taken 
from a stock of specimens used in the 
undergraduate laboratory work and were 
of the dimensions shown in Fig; 1. 
Thirty-six specimens were selected for 
testing; twelve had the central portion, 
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that is the two circular and middle 
hexagonal portions, turned down in a 
lathe making a smooth, circular ma- 
_chined surface 6 in. long; twelve had as 
_ smooth surfaces as could be found; 
_ the remaining twelve were given surface 

defects by drilling 8 or 10 holes about 

0.05 in. in diameter and 0.05 to 0.10 in. 
deep at various places on the two 
circular unmachined portions. While 
the small holes produced definite dis- 
continuities in the surface,they did not 
reduce the area of the cross-section to an 
extent that the reduction needed to be 
considered. 
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diameter and 20 in. long were poured. 
These were broken on a span of 18 in. 
and the properties were as follows: 
modulus of rupture, 61,700 to 65,100 
lb. per sq. in., with an average of 63,600 
lb. per sq. in.; modulus of elasticity, 
as determined from load-deflection dia- 
grams, 14,000,000 to 16,500,000 Ib. 
per sq. in. 

The location of each specimen in the 
casting is shown in Fig. 2 where the 
type of specimen, solid or hollow and 
inside or outside threaded ends, is indi- 
cated by a code. For instance, the 
specimen from casting No. 1, X quarter, 


| Lw7/so 
[77250 


[x7250 
[z77s0 if 


[XB250 


Casting No! 


WwT/SO 
YT/HO 


WT2SC 


C 


WB2HO 
¥B250 


YBIS 


LX7/S 


ket 
[x72s0 2 XB/HO 
28/SO 


|272HO 


od Top of Castings 


. Fic. 2.—Position of 


Threaded-End Specimens.—The speci- 
with threaded ends, on which 
Strain-gage readings were taken, were 
cut from three castings, poured from a 
‘single heat. The castings were 3 in. 
square and 56 in. long and were cast on 
end in the Machine Laboratories of the 
University of Illinois. The charge con- 
sisted of new pig, scrap cast iron and 
scrap steel, one-third of each. The 
chemical composition was calculated as 
approximately: total carbon 3.45 per 
cent, silicon 1.60 per cent, manganese 
0.55 per cent, sulfur 0.09 per cent, 
phosphorus 0.45. per cent. 
At the time the castings were made, 
six arbitration test bars 1.20 in. in 


Castings No. 2and 3 


Specimens in Castings. 


upper part central portion, solid with 
outside threads, is marked 1XT2SO. 
The specimens were turned to the di- 
mensions shown in Fig. 1 and were 
finished with a fine cut but were not 
polished; all work was done by one man 
to secure as uniform specimens as 
possible. In order that there might be 
no localized stress from strain-gage 
holes, a collar (see Fig. 1) in which 
strain-gage holes were drilled, was left 
on each specimen. This collar was 
small and was so far from the fillet at 
the change of section that it would not 
exert an appreciable effect on the 
strength of the specimen, which assump- 
tion proved to be justified. 
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od. METHOD OF TESTING taken for each increment of load, which ‘. 
in. All specimens were tested in a 50,000- W@S about 2000 Ib. per sq. in. in the 
VS: Ib. screw-power testing machine. Some earlier stages of each test and reduced 
00 of the round-hexagonal specimens were 28 the ultimate strength was approached. 
00 tested with flat and some with V-notch An effort was made to secure data for 
ty, grips. the stress-strain curves as near to rupture 
ia The load was applied to all the 4S possible and the results were most 
lb. threaded-end specimens by means of a satisfactory since readings were obtained 
bolt or pin on one end of which was a in a number of cases at the maximum 
the spherical head which rested in a spherical load. In some tests the specimen 
che bearing block. The other end of the broke while readings were being taken 
nd bolt or pin was fastened to the test and in others the stress at rupture was 
di- 
‘he 30 000 
fer, 
25 000 
£ 
2 20 000 
a 
15.000 
10000 
€ 
5 000 
»0.002in}« 
th Unit Strain, in. perinch 
i 
SO. Fic. 3.—Stress-Strain Curves for Individual Gage Lines (Specimen 3X B2Hi). 
di- 
ere specimen by means of a threaded sleeve. only 200 or 300 Ib. per sq. in. greater 
not The specimens with outside threads were _ than that at the last strain-gage reading. 
nan screwed directly into the threaded 
as sleeve ; the specimens with inside threads 
be were connected to the sleeve by a stud Only the ultimate load was obtained r 
age bolt. Considerable care was used to forthe round-hexagonal specimens. The 
ich adjust the loading pins for the first few average ultimate strength for the twelve 
left tests in order to obtain an axial load; specimens of each type was as follows: 
was as the tests progressed the special pre- as cast, smooth surface, 23,600 Ib. per 
at cautions were seen to be unnecessary and __ sq. in.; as cast but with artificial surface 
not in later tests no special care was taken defects 24,700 lb. per sq. in.; machined — 
the to adjust the loading pins. round for 6 in. — hexagonal ends, 
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22,200 lb. per sq. The 


mp- A double set of strain-gage readings, 
percentage the average 


with check readings where needed, was 
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for each type was 8.0, 11.0, and 15.0, 
respectively. 

From the strain-gage data for the 
threaded-end specimens a curve was 


plotted for each gage line. A _typ- 
ical set of such curves, specimen 
3XB2Hi, is shown in Fig. 3. These 


curves for the individual gage lines were 
plotted in order to study the distribution 
of longitudinal deformation around the 


circumference of the specimen and to 


30 000 
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curves so extrapolated are shown with 
dotted lines. Readings were taken on 
two of the gage lines shown in Fig. 3 
at the ultimate load, but the specimen 
broke before readings could be taken 
on the other gage lines at this load. A 
sufficient number of readings was taken 
at or near the ultimate load to give 
assurance that the shape of the ex- 
trapolated portion of the curve is 
substantially correct. 


25 000 


20 000 


15 000 


10 000 


Unit Stress, |b. per sq in. 


> 0.002 in. 


Unit Strain, in. per inch 


Fic. 4. Composite Stress-Strain Curves for Each Type of Specimen. 


detect any changes which might occur 
in the rate at which the different gage 
lines deformed. ‘The average unit strain 
for all six gage lines was then taken 
for each increment of load and plotted 
as a composite curve. Typical com- 
posite curves for each type of specimen, 
solid with outside threads, solid with 
inside threads, hollow with outside 
threads and hollow with inside threads, 


_ are shown in Fig. 4. 


Where the last deformation readings 
on any specirien were taken below the 
ultimate stress, the curve was ex- 
trapolated to that stress; portions of 


Table I gives data for each specimen 
on tensile strength, modulus of elasticity, 
and maximum average unit strain for 
the specimen as well as the maximum 
and minimum unit strains for any gage 
line on each specimen. 

Discussion OF DATA 

Effect of Surface Discontinuities.— 
The tensile strengths of the round- 
hexagonal specimens show clearly that 
the small drill holes did not weaken 
the specimens though failure occurred in 


seven of the twelve at a drill hole. 
All but one of the other specimens, both 
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ith machined and unmachined, broke at the the rupture will occur. While no quan-— 
on junction of the circular and one of the titative evidence can be cited, the 
3 end hexagonal portions. Theconclusion observed behavior of the test specimens. 
en = 
en TABLE I.—RESULTS OF TENSION TESTs OF Cast IRON. 
A * Nominal] diameter of specimens, 0.80 in. outside, 0.56 in. inside. . a 
cen Longitudinal Strain at Rupture, in. 
Specim2 est vlasticity, 
lb. per Single Gage Line Average for Ib. per 
1s Sq. 1n. All Gage sq. in. 
| Lines 


Maximum Minimum 


SoLID WITH 1 OUTSIDE THREADS 


No 31 200 0.00685 0.00635 0.00664 | 15500000 
No 31 400 0.00670 0.00636 0.00656 | 16000000 
No 30 200 0.00600 0.00485 0.00543 | 15000000 
No 31 000 0.00640 0.00600 0.00625 | 17.000 000 
No 30 700 0.00710 0.00680 0.00698 14 000 000 
No 29 900 0.00715 0.00625 0.00665 15 000 000 
No. 31300 =| 0.00687 0.00652 0.00668 14 000 000 
No 30 900 0.00625 0.00495 0.00580 | 14600000 
No 27 900 0.00617 0 00517 0.00567 | 14700000 
No 27 800 0.00640 0 00585 0.00615 | 12 500 000 
No 28 700 0.00720 0 00670 0.00696 | 14500000 
No 28 100 0.00610 0 00540 0 00574 | 12400000 
No 29 000 0.00660 0.00648 | 0 00656 13 000 000 
No. 3XT25 27 700 0.00653 0.00625 | 0 00636 12 800 000" 
No. 3YB2S 28 400 0.00700 0.00645 0.00677. | 800 000 
No. 3ZB1SO....... 27 800 0.00620 0.00585 | 0.00605 | 11100000 
SoLtip INsIpE THREADS 
27 700 0.00610 0.00540 | 0.00569 13 200 0004 
27800 | 0.00590 0.00570 | 0.00584 | 13800000 
28 500 0.00711 0.00680 | 0.00694 12 800 000 
28 500 0.00715 | 0.00660 0.00684 13 100 000 
28 700 0.00625 0.00595 0.00607 13 700 000 
29 000 0.00720 0.00680 0.00704 12 700 000 
27 900 0.00710 0.00650 | 0.00672 12 500 000 
HoLLow WITH 
26 400 0.00345 | 0.00300 | 0.00518 11 000 000 
27 800 0.00601 0.00542 0.00574 13 700 000 
27 900 0.00650 | 0.00615 0 00636 12 200 000 
O58 28 400 0.00690 0.00630 0.00654 12 500 000 
3YTIHO...... 27 300 0.00565 0.00540 0.00555 | 12300000 
27300 0.00625 0.00536 0.00573 13 500 000 
27 900 0 00615 0.00575 0.00593 12 200 000 
| 27600 0.00550 0.00480 0.00518 12 000 000 
icity, H 2W WITH INSIDE Tare ADS | 
n for N 2YT2Hi | 26100 | 0.90476 0 00434 | 0.00456 | 140000004 
| 27600 0 00595 0.00500 | 0.00548 13 400 000 
mum 28 900 0.00700 0.00665 0 00678 13 000 000 
| 25000 0 00485 0.00333 0 00406 12 000 0004 
gage | 25900 0.00533 0 00467 0.00501 | 12 1000004 
26 700 0.00527 0 00464 0.00500 14 000 000 
28 000 0.00605 0.00590 0.00598 13 200 000 
No. 3XB2Hi..... 27 100 0.00605 | 0.00590 | 0.00593 | 11400000 
Loaded eccentrically. 
F Loaded eccentrically through Robertson shackles and broke in threaded end at load of 26,900 lb. per sq. in. Speci-— 
1€S.— men put back in machine and loaded axially to failure. 
ound- 
that must be drawn from these tests that suggests that the greatest weakening 
eaken slight surface defects do not affect effect is where the end hexagonal por- 
red in appreciably the strength of the part tions join the circular portions. This 
a but they tend to locate the place where may be the reason for the machined — 
rot 
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specimens having the lowest strength 
of the three groups, since the change in 
= was greater for these pieces than 


signed for the highest strength being 
obtained from rom specimens with | holes 
in them. 


4) 

gage readings did not produce noticeable 
stress concentrations. Further evidence 
that failure was not due to stress 
concentration, either from fillets or 
collars, is furnished by the fact that 
most of the fractures at changes in 
section were in the solid specimens 


7 the others. No reason can be as- 


30000 


25000 


20 000 


Unit Stress, |b. per sq. in. 


Location of Fracture of Threaded-End 
Specimens.—A record was kept of the 
location of the fracture of each threaded 
end specimen and this is shown graphic- 
ally in Fig. 5. It will be noted that 
although a large number of breaks are 
near one end, there is a general distribu- 
tion of the breaks over the entire length 


Unit Strain, in.per inch 
Fn IG. Stress- Strain Curves for Specimen 1ZT1SO 


of the reduced section, showing that the 
collars left on the specimens for strain- 


0.002 
‘Grips Wedged on One Side. 


which, because of their larger area, 
might be expected to be less affected by 
stress concentrations than the thin- 
walled specimens. It is believed, how- 
ever, that fractures would have occurred 
more generally near the ends if the radius 
of the end fillets had been appreciably 
less than the one used. 

The location of fractures was not 
influenced by lateral movement of the 
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crosshead of the testing machine as 
practically one-half the specimens broke 
above and one-half below the center line. 

Comparison of Threaded-End Speci- 
mens.—The data given in Table I are 
averaged and assembled in Table II 
according to the different variables. 
Studies and comparisons of the data in 
Tables I and II show that two similar 
specimens taken from the same end of a 
casting, as 1WT1SO and 1ZT1SO, and 
tested in precisely the same manner may 


TABLE II. 


SUMMARY OF DATA FOR ESTIMATE OF EFFECT OF DIFFERENT VARIABLES OF 
TENSION TESTS. 


strength of specimens from the bottom 
of castings, with the exception of the 
solid specimens with outside threads 
from casting No. 3. The maximum 
variation is 7 to 8 per cent. The 
strengths of specimens intermediate be- 
tween top and bottom do not vary in 
any regular way. Solid specimens aver- 
aged 2 to 5 per cent stronger than hollow 
ones, and specimens with outside threads 
averaged about 2 per cent stronger than 
those with inside threads. The solid 


Type of Specimen 
Solid, Outside Solid, Inside Hollow, Outside Hollow, Inside 
‘ Threads Threads Threads Threads 
Casting Position of Specimen 
Tensile | nit | Tensile | it Tensile | n't | Tensile | net 
Strain at | | Strain at Strain at Strain at 
Strength, | | Ruptur re, | Steenath, Rupture, Strength, Rupture, Strength, Rupture, 
Ib. per n. per Ib. in. per Ib. per in. per Ib. per in. per 
sq. in. | “neh $j. in. sq. in sq. in. 
| Average for Casting 28100 | 0.00613 | 27900 | 0.00621 27600 | 0 00595 | 26900 | 0.00522 
No. 3/| Bottom Quarter 27800 |........ 29000 |.:...... }........ 28000 |......... 
Average for Casting 28 200 0.00643 | 28 500. | 0.00667 27 500 0 00560 26 900 | 0.00548 
vary 1000 lb. per sq. in. in tensile specimens with outside threads gave, 


strength. The maximum variation for 
individual specimens taken from differ- 
ent positions in different castings and 
tested in different ways is from a mini- 
mum of 25,000 Ib. per sq. in. for specimen 
2XB2Hi to a maximum of 31,400 lb. 
per sq. in. for specimen 1YT2SO. The 
average strength of casting No. 1 is 
about 10 to 11 per cent higher than the 
average strength of castings Nos. 2 
and 3. The average tensile strength of 
the specimens, all tested in the same 
manner, taken from the top of castings 
is slightly less than the average tensile 


on the average, the highest strength 
of any combination. 

The modulus of elasticity was deter- 
mined by drawing a straight line through 
the mean of the plotted points, below a 
unit stress of 10,000 to 15,000 Ib. per 
sq. in., of the composite stress-strain 
curve for each specimen and these values 
are tabulated in Table I. The modulus 
of elasticity was not affected by any 
variation in type of specimen. 

Eccentric Loads.—The load was ap- 
plied to some of the specimens with the 
spherical-headed loading pins wedged 
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so as to bear on only one side of the 
spherical seats. This arrangement ap- 
plied the load at a distance from the 
longitudinal axis of the specimen, 
thereby introducing a definite, but 
unknown, bending moment in the speci- 
men. In practically all cases where the 
specimen was so loaded, the first few 
strain-gage readings showed a _pro- 
nounced difference in the strains on 


35 000 


DRAFFIN AND COLLINS 


pins, by rotation of the screw couplings, 
and by deformation of the threads in the 
connections. No arrangement of the 
spherical bearing block or the loading 
pins would maintain an eccentric load 
on the specimen. Most of the specimens 
lcaded eccentrically failed at a slightly 
lower ultimate strength and unit strain 
than similar ones loaded axially. It is 
not certain that eccentric loading was 
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25 000 


20000 
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15 000 


Unit Stress, lb. per sq 


10000 


5 000 
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Unit Str 


different gage lines, but an adjustment 
soon began to take place in the loading 
device and before the stress had become 
high the increases in the deformation 
along the different gage lines were equal 
for a given increment of load. The 
stress-strain curves for each gage line of 
specimen 1ZT1SO are shown in Fig. 6. 
The release of the initial eccentricity is 
_ clearly shown by the marked change in 
the curvature of the lower portion of the 
curves. 

The release of eccentricity seems to be 
caused by a slight bending of the loading 


>{0,002in- 
Gin, in. perinch 


oe Fic. 7.— Stress-Strain Curves Showing Hysteresis Loops. 


responsible for the lower strengths since 
the maximum tensile unit strain on any 
gage line was usually less than that 
found at failure of similar specimens 
under axial loads. The effect on 
strength of eccentricity maintained to 
rupture needs further study. 

Effect of Release of Load.—The load 
was removed from a number of speci- 
mens before failure and strain readings 
taken at about the same increments in 
removing the load as were used in 
applying it. The load was then re- 
applied in approximately the same 
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increments and strain readings again 
taken. The release of load was made 
from different stresses and in one case 
from about 75 per cent of the ultimate 
strength and again at about 93 per cent 
of the ultimate strength. Typical com- 
posite stress-strain graphs for each of 
these cases are shown in Fig. 7. It was 
noted that the higher the stress from 
which the release was made, the broader 
the loop. The significance of these 
loops is uncertain, though they may 
suggest that an occasional overload on 
cast iron does not change the general 
shape of the stress-strain curve and 
does not affect the ultimate strength. 
The loops are quite uniform for the 
different specimens at the same stress, 
thus indicating uniformity of action of 
material and specimen. 

Permanent Deformation.—Seven of the 
forty specimens broke outside the gage 
length and their permanent deformations 
were measured by means of strain-gage 
readings taken after rupture. It was 
found that the deformation remaining 
after rupture varied from 38 to 52 per 
cent of the tetal deformation at failure. 
From these data it seems clear that 
40 to 50 per cent of the total deforma- 
tion is permanent as the ultimate 
strength is approached and will not be 
recovered if the load is removed. 


the following conclusions appear to be 
justified with respect to tensile tests of 
cast iron: 

1. Different castings made from the 
same pouring had a variation of 10 to 
11 per cent. The material throughout 
the length of each casting was fairly 


On TENSILE STRENGTH oF Cast IRON 7 


uniform, the bottom being stronger than _ 
the top by a maximum of 7 to 8 per cent. q 

2. Hollow and solid specimens had 
nearly the same strength, with the solid 
2 to 5 per cent stronger. In each of 
these types there was little difference 
between the specimens with the threads 
on the outside and those on the inside. 

3. The modulus of elasticity was not _ 
affected by any method of testing used, 
but the higher strength casting gave 
higher values. 

4. A solid, machined, specimen with 
threaded ends tested with spherical 
bearing blocks which allow an adjust-— 
ment of the load will give actual strength — 


values unaffected by eccentricity. This 


type of specimen was found to be the 
most satisfactory test specimen. 

5. Loading and unloading specimens 
had no pronounced effect on the ultimate 
strength or the maximum unit deforma- 
tion of the material. 

6. Where the material is loaded nearly | 
to failure and then unloaded there will | 
be a permanent deformation of 40 to 50 . 
per cent of the maximum deformation. eis 

7. Fractures were not localized at any 
particular section of the specimens but — | 
there is evidence that it would have been 
localized at the change in cross-section 
if the radius of the fillet had been less’ 
than it was. 

8. Surface finish is not particularly 
important in tension. Small superficial - 
defects do not produce stress concentra-- 
tions which greatly affect strength; the 
greatest source of stress concentration 
appears to be caused by an abrupt 
change in cross-section near the ends of 
the specimen. A _ slight increase in 
cross-section over a short length does 
not cause a detectable stress concen- — 
tration. 
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a very wide range. 


Mr. J. T. MacKenzir.'—I consider 
the work reported in this paper a fine 
step forward in our knowledge of the 
tensile strength of cast iron. A few 
words of warning, however, may be in 
order. The term cast iron really covers 
Some of the things 
that we talk about in soft cast iron will 
not hold for the harder grades. For 
example, the summation of the tests 
for the last 10 yr. that was given in the 
symposium? showed that the relation 
of the modulus of rupture to the tensile 
strength dropped from about 2.2 at 


~ 20,000 to 1.2 at 55,000 lb. per sq. in. 


tensile strength, so that with a 50,000 
lb. per sq. in. tensile strength iron you 
might find that eccentricities would be 
very much more important than with a 
30,000 Ib. per sq. in. tensile strength iron. 
I also think that this big specimen might 
obscure some of the things a person 
might find in testing. I have deter- 
mined tensile strengths in certain cast 
irons where a }-in. hole drilled down the 
center of an 0.8-in. bar did not reduce 
the breaking load at all, so you have 
to consider the quality of the i.on and 
the relative structure of the periphery 
and the center. If this specimen is cut 
from a quarter, you would take the 
average of all the metal out of the center 
by drilling a hole down the center, which 
would not be true of an ordinary cast 
bar, where you would remove the weak- 
est portion of it by machining out the 


1 Metallurgist, American Cast Iron Pipe Co., Birming- 
ham, Ala. 

2 Symposium on Cast Iron, sponsored jointly by the 
Am. Foundrymen’s Assn. and A.S.T.M., Proceedings, Am. 
Soc. Testing Mats., Vol. 33, Part II, p. 115 (1933); also 
available as separate publication, 
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center; that does not change any of the 
actual conclusions, but if someone mak- 
ing an ordinary test bar were to think 
that he could drill out the middle of the 
bar without increasing the strength, he 
would be very much mistaken. 

In regard to the 40 or 50 per cent 
permanent set, it is especially true here 
that you have to take into considera- 
tion the quality of the iron, because on 
the high strength irons, running 60,000 
lb. per sq. in., I doubt if it would be a 
third of that; in fact, in the transverse 
tests, only 50 per cent were obtained with 
a Ni-resist alloy which was, you might 
say, really a ductile material as compared 
to ordinary cast iron. 

I am quite interested to note that the 
tensile “set”? is so much higher than 
that in transverse bending. 

Mr. W. J. Scuiick* (presented in 
written form).—The study on determina- 
tions of the tensile strengths of cast iron 
as it is presented in the paper, appears 
to have been divided into two parts. 

In the first part 36 round-hexagonal 
specimens were utilized, tested with flat 
and V-notch grips “‘as cast,” as cast but 
with artificial surface defects, and with 
the central 6-in. length machined down 
to an unstated diameter. In spite of 
rather extensive descriptions of _ this 
portion of the study, the results pre- 
sented consist of only the average 
strengths of the three groups and the 
conclusion that minor surface irregulari- 
ties, or surface finish, are not particularly 
important in tension tests. The varia- 


3 Civil Engineer, Engineering Experiment Station, 
Iowa State College, Ames, lowa. 
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tions from the average of 8, 11 and 15 
per cent, respectively, in tensile strength 
would indicate more uniform gripping 
conditions with both flat and V-notch 
grips than might occur in many series 
using hexagonal specimens and grips 
of these types. In fact, these variations 
would seem to indicate a close correla- 
tion, either studied or accidental, be- 
tween the angles of the V-notches in 
the grips and those of the specimens. 

Even though “skin effect” was not 
definitely a part of the study, it would 
be interesting to know how much the 
diameters of the machined specimens 
were less than the “as cast” diameters. 

The second phase of the study utilized 
40 machined specimens, cut from three 
castings. ‘These specimens gave a very 
gratifying uniformity in strength and 
elastic properties. The conclusion 
reached by Coker and Filon‘* that the 
eflect of the collars on the “Dalby” 
type test specimens is negligible sup- 
ports the authors’ conclusion that the 
collars and gage holes had no mateiial 
effect upon strength. The uniformity 
in the stress-strain data for the 6 gage 
lines as shown by Fig. 3 of the paper 
attests the care with which the data 
were taken and the suitability of the 
threaded-end type of specimen. These 
strain data were taken on an 8-in. gage 
length. It seems that the strain at the 
failure must have been greater than that 
at other portions of the gage length; 
consequently it would be interesting to 
know (if it can be determined) the rela- 
tionship between the average strain 
over this gage length and the actual 
strain at the failure. 

It is to be hoped that the “larger 
study of the mechanical properties of 
cast iron” will include the problem of 
the position which the test specimen 
must have in the cross-section of a larger 


‘E. G. Coker and L. N. G. Filon, “Photo Elasticity,” 
Cambridge (1931). 
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casting if the result for the test specimen 
is to represent the average or effective 
strength of the casting. 

Mr. WALLAcE M. LANsForD’ (by 
letter).—The tensile strength of cast 
iron is difficult to obtain not only be- 
cause of the careful testing procedure 
necessary but also because of the effect 
of the size of the test specimen® and the 


TABLE I.—SuMMARY OF DATA ON TENSION 
Tests oF Cast IRON. 
|&8¢ 
Shese and Condition | & = 
of Specimen | a= les 
oo os | 2a 
23 ge 


Round-Hexagenal Bars—Cast 12 in. Long 


12 {| As cast | Flator | 23600) 8.0 
: Smooth as could be found! V notch 
| 
{| As cast | Flator | 24700) 11.0 
|| With artificial surface de-| V notch 
|| fects 8 to 10 holes 0.05 
OF8 in. in diameter, 0.05 to 
0.10 in. deep at various 
thetwocircu-| 
ar portions 7 
12...| Middle portion turned | Flat or | 22 200} 15.0 
down over a length of V notch 
6 in., diameter not 
given | 
- 
Machined from 3 by 3 by 56-in. Castings 
16 Round-solid diameter | Outside | 29500) 6.1 
0.80 machined | threads 7 
8 Round-solid diameter | Inside 28200, 
0.80 in. machined threads 
8 Round-hollow outside | Outside | 27600!) 4.3 
diameter 0.80 in., in- threads 


side diameter 0.56 in. 
machined 

Round-hollow outside | Inside 
diameter 0.80 in., in- threads 
side diameter 0.56 in. 
machined 


26900) 7.1 


method used in making the test speci- 
men whether cast or machined. For the 
sake of clarity and brevity, the accom- 
panying Table I showing a summary of 
the authors’ test data is given 


As shown in Table I the data given 


should be divided into two distinct 
groups since the round-hexagonal bars 


‘Assistant Professor of ‘Theoretical Applied 


University of Ilinois, Urbana, I 
6 Symposium on Cast Iron, loc. cit. 
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were not made of the same materials as 
the cut or machined specimens. For the 
same reason, the data from the round- 
hexagonal specimens which were ma- 
chined over the middle portion cannot 
be correlated with the data from the 
solid round bars tested with threaded 
ends. It would have been interesting 
if this comparison could have been made, 
especially so since cast iron tension test 
specimens are frequently tested using 
threaded grips. The tests of the round- 
hexagonal specimens not only showed 
the effect of the “skin” but also showed 
a greater variation from the average 
when the skin was removed. It would 
have been interesting to know the 
relative hardness of the two surfaces 
and how much the diameter of the orig- 
inal bar was reduced. The data of the 
second group of specimens, all of which 
were machined, showed unusually small 
maximum variations from the average. 
The uniformity of the strain readings 


shown in Fig. 6 of the paper, taken along 
six gage lines when initial eccentricity 
was placed on the specimen, proves the 


excellent suitability of the threaded 
specimen for determining the tensile 
strength of cast iron. The authors 
should be complimented for showing so 
conclusively the remoteness of having 
any eccentricity in the specimen when 
using threaded ends and their method 
of testing. 

During the past 10 yr. the writer has 
had occasion to make many physical 
tests on cast iron, some of which were 
tension tests. Two types of tension 
specimens were used—the threaded end 
specimen, and a pattern having a re- 
duced mid-section through the ends of 
which a hole was drilled and the load 
applied by a hardened steel pin. It was 
found to be much more difficult to drill 
the holes perpendicular to and on the 
long axis of the bar than it was to cut 


DISCUSSION ON TENSILE STRENGTH OF CAST TRON 


threads on a bar concentric with its 
long axis. Considerable care must be 
taken in drilling the holes in the ends 
of the specimen since eccentricity pro- 
duced by bad drilling cannot be compen- 
sated for. Cutting the threads on a 
specimen and reducing its diameter are 
similar operations in machining and 
make it easy to turn the threads con- 
centric with the axis of the specimen. 

It is very gratifying to see such a care- 
ful analysis of the use of threaded end 
test specimens of cast iron presented. 

Messrs. J. O. DRAFFIN’ AND W. L. 
Co.iins’ (authors’ closure, by letter). 
With reference to Mr. MacKenzie’s 
comments, it must be said that all of 
the conclusions reached in the paper 
cannot be interpreted to apply to all 
kinds of cast iron. The term cast iron 
covers a wide range of material and it 
can be expected that the results of tests 
of high-strength iron, a portion of the 
complete investigation not yet under- 
taken, might not be in accordance with 
all the conclusions based on the tests so 
far made. 

A number of the questions raised by 
Mr. Schlick and Mr. Lansford are sim- 
ilar. The round-hexagonal bars that 
were machined had their diameters re- 
duced from about 0.71 in. to an average 
of 0.651 in. Just enough material was 
removed to insure smooth surfaces. It is 
doubtful whether the tests show the effect 
of removing the “‘skin”’ because the stress 
concentrations at the fillets (all but one 
of the specimens broke there) quite 
probably prevented the actual deter- 
mination of the ultimate strength of the 
material. If the maximum percentage 
variations from the average tensile 
strength seem small, they are due to 
chance or to great uniformity of ma- 
terial. 


7 Professor, and Instructor, respectively, Theoretical 
and Applied Mechanics, University of Illinois, Urbana, Ill 
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Mr. Schlick also brought up the ques- 
tion of the amount of deformation at 
failure that takes place in the immediate 
vicinity of the fracture. No attempt 


was made to make such measurements. 
To do so would be very difficult as it 
would be necessary to know the location 
of the fracture before it takes place. 


However, from a comparison of the 
measured and extrapolated average unit- 
Strains at failure for the specimens 
breaking inside and outside the gage 
length, it is concluded that the localized 
elongation near the fracture is only a 
small part of the total elongation of the 
8-in. gage length. 
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A FUNDAMENTAL STUDY OF THE DESIGN OF IMPACT 


TEST 


SPECIMENS! 


By H. C. MANN? _ 


SYNOPSIS 


Basic data are re presented regarding the effect of notch form, velocity, and 
temperature, on the energy values obtained from the tension-impact test. 
Material embrittlement at low temperature is shown to be the result of two 


factors, velocity and form of notch. 


The deficiencies of the flexural type of 


specimen are brought out and the necessity for consideration of the velocity 
effect to reveal the true dynamic properties of a material is emphasized. 


INTRODUCTION 


‘The subject of impact testing has 
become one of increasing importance to 
the engineer and metallurgist, due to 
the rapid advances in engineering con- 
struction which have necessitated the 
use and development of materials capa- 
ble of withstanding extreme service 
conditions involving high rates of force 
application or dynamic loading. 

The impact test apparently is capable 
of revealing certain differences in mate- 
rial condition which cannot be brought 
out from any other test, but the test 
results are seldom found to bear any 
direct relationship with the performance 
which might be expected from the part 
in service. 

In practically all investigations, the 
flexure type of specimen has been used 
and the test conducted at a single 
velocity. The form of notch has differed 
widely, the particular shape and dimen- 
sions, arbitrarily selected by each in- 
vestigator, being those considered to 


1 Publication approved by the Chief of goat V..§. 


Army. 
2Senior Materials Engineer, 
Watertown, Mass. 


Watertown 


yield results indicative of a certain 
degree of sensitivity to slight differences 
in material condition. Without basic 
knowledge of the fundamental reasons 
for the wide differences obtained from 
such tests, it is not at all surprising 
that the many different conclusions 
drawn have not been generally accepted. 

The principal reasons for this condi- 
tion are the form of specimen used, and 
the test procedure. It has always been 
considered essential to prepare the 
specimen with a rather sharp notch in 
the belief that the high stress con- 
centration induced would yield results 
sensitive to slight variations in material 
condition. Practically no consideration 
has been given to the effect of volume, 
test velocity, or to the fact that the 
impact test deals with energy changes 
and not stress alone. 

From the fact that the value obtained 
from the impact test is dependent upon 
the volume of material participating 
in the absorption of energy, and this 
volume is determined by the length of 
uniform least section, it will be evident 
that modifying the shape at the base of 
the notch, either intentionally or from 
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errors in machining, will therefore vary 
the volume and also the energy required 
for rupture. 

In the case of the flexure type of 
specimen, the errors of machining are 
inherently large, and it is also a practical 
impossibility to predetermine the volume 
factor. The resultant energy values, 
therefore, are largely a measure of the 


At the Watertown Arsenal labora- 
tories the flexure type of specimen was 
discarded several years ago, because of 
the reasons briefly discussed, and the 
tension form substituted. The justifica- 
tion of this procedure is evident from 
the results of investigations presented 
before the Society in 1935* and 1936.4 
The earlier work on the tension type of 


TABLE I.—Impact Test RESULTS, FT-LB. 


0.252-in. Diameter 
: S.A.E. No. 1035 | S.A.E. No. 2340 
Notch Length, in. Steel Steel 

| Theo- Theo- 

Actual retical Actual retical 

0.025...... 28.0 | 30.0 | 41.1% | 42.0 
0.050...... 23.7 25.0 35.34 37.0 
19.5 19.0 28.5% | 30.6 
0.195. ..... 19.5 
o.2...... 28.0 | 28.0 36.6 37.0 
0.400...... 59.8 | 58.0 74.4 74.0 
0.600...... | 87.0 | 191.5 111.0 
0.800...... 117.0. | 116.0 |...... eee 
'oe...... 140.0° | 145.0 | 125.0% | 185.0 


All results represent single tests except where noted. 


0.357-in. Diameter 0.437-in. Diameter 
S.A.E. No. 1035 | S.A.E. No. 1035 S.A.E. No. 2340 
Steel Steel Steel 
Theo- : Theo- Theo- 
Actual retical Actual | etical Actual | retical 
59.8 60.0 89.7 90.0 125.0 126.0 
50.3 50.0 79.5 75.0 113. 3° 111.0 
45.7 44.0 69.5 
38.0 64.5 57.0 92.6* 92.0 
59.7 56.0 84.7 87.0 111.5 111.0 
117.0 116.0 176.6 174.0 223.4 | 222.0 
176.6 174.0 | 257.0 261.0 330.5 | 333.0 
229.1 232.0 346.0 348.0 
285.7 290.0 | 418.0 | 435.0 459.6" 555.0 


“ Average of three tests. 
” Average of two tests. 


TABLE II.—ENERGY PER UNIT VOLUME, FT-LB. 


S.A.E. No. 1035 Steel 
Notch Length, in. Actual 
| 0.252-in. 0.357-in. 0.437-in. 
Diameter Diameter Diameter 
| 

re 22 400 23 920 23 900 
Se 9 480 10 060 10 600 
ae 5 200 6 100 6 160 
3 900 4110 4 300 
3120 
<< 3 160 3050 2 870 
O:008:...... 2 800 2 990 2 820 
0.400. 2 990 2925 2 940 
0.600. 2 820 2 940 2 850 
O0e......: 2925 2 860 2 880 
ae 2 800 2 857 2 786 


effect of surface and local structural 
conditions rather than of the true 
dynamic properties of the material. 

The tension type specimen is not 
subject to these deficiencies, the volume 
can be controlled and measured, the 
errors of machining are inherently small, 
and the specimen is applicable to both 
static and dynamic tests. 


~ 


S.A.E. No. 2340 Steel 
Actual 
Theoretical 0.252-in. 0.437-in. Theoretical 
Diameter Diameter | 
24 000 32 900 33 400 33 600 
10 000 14 100 15 100 14 800 
4000 5 700 6 200 6120 
2 900 3660 3720 3 700 
2 900 3720 3720 3700 
2 900 3720 3 670 3 700 
2 900 2 500 3 060 3700 


specimen discredited the use of the 
truncated V notch in favor of the square 
shouldered form in which the entire 
volume participation in energy absorp- . 


3H. C. Mann, “The Relation Between the Tension 
Static and Dynamic Tests,”’ Proceedings, Am. Soc. Testing 
Mats., Vol. 35, Part II, p. 323 (1935). 

4H. C. Mann, “High-Velocity Tension-Impact Tests,” 
Proceedings, Am. Soc. Testing Mats., Vol. 36, Part II, 
p. 85 (1936). 
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tion could readily be measured and 
correlated with the static test results. 
These investigations, however, covered 
only specimens having notch lengths of 
0.1 and 1.0 in. It was, therefore, 
considered desirable to investigate the 
effect of intermediate and still shorter 
notches. 


which velocity is less than the transition 
velocity as determined for the materials 
in the condition used. The results 
obtained are tabulated in Tables I and 
II and plotted in Fig. 1. 

The data indicate the existence, 
within certain limits, of a linear rela- 
tionship between total energy and notch 


EWo. See 


= «Energy per Unit Volume 


520 | 
A=Notch Length 0.437:in.diam. 
/ 
Ki |Z 
/ 
36000 360|- S.A.E,No.1035 Steel 
Normalized from 1650 F. Vy" 0.357-in. diam. 
32.000 320}}- S.AENo.2340 Steel 
2  /700F -3hr.-Air Cooled | 
28000 280 i 1450 F - Ihr.-Oil 
| F -3hr.-Furnace Cooled 
5 Ay, 05 

20000 = 200 
'§ 16000 
12000 
8000 

0 

Ol 


02 03 04 05 06 07 08 09 10 I 12 


Notch Length, in. 


Fic. 1.—Comparison Curves. 
Energy-volume relationship tests at 28.5 ft. per sec. 


MATERIAL AND TESTS 


- For this purpose $.A.E. No. 1035 and 
No. 2340 steels were selected, and, after 
suitable heat treatment, tension test 
specimens were prepared having notch 
lengths varying from 0.025 to 1.0 in., 
and reduced section diameters of 0.252, 
0.357, and 0.437 in., which for each 
notch length gave volume ratios in the 
order of 1, 2 and 3. Tests were made 
in the large 300 kg-m. Charpy impact 
machine at a velocity of 28.5 ft. per sec., 


length, and for any given notch length a 


relationship between total energy and 
volume. Theoretical values based on 
smooth curves drawn through the 
actual points were determined, and are 
listed with the test values in the tables. 
Comparing these data it will be noted 
that the theoretical values are well 
within allowable experimental error of 
the actual test results. It will also be 
noted that for any given notch length, 
the total energy is a direct function 
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of the volume. The plotted curves, 
particularly those indicating energy per 
unit volume, reveal the presence of 
three distinct zones: for notch lengths 
of less than approximately 0.15 in., a 
zone of energy concentration, increasing 
to extremely high values as the notch 
length is decreased; for notch lengths 
between approximately 0.15 in. and 
().60 to 0.80 in., a zone of linear rela- 
tionship between energy and volume; 


9 000 LO'Notch 
8 000 |— 
0.252°diam. ~~O.1"Notch A 
708. | 
6000 
a | 40) 
=5 000 
8 LH 
94000 
3000 
2000}—$ = 
| OOOF—~ 
S 
| 
8) 0.005 0.010 0015 0.020 
Total Elongation, ft. 
Fic. 2.—Normal and Low-Temperature Tension 


Static Diagrams. 


and for longer notch lengths a zone of 
gradual decrease in energy values. 
Results from specimens within the 
zone of high energy concentration are 
influenced by slight errors and irregu- 
larities of machining, also by the 
presence of local segregation and non- 
homogeneity of material structure, and 
therefore may not always be indicative 
of the true dynamic properties of a 
material. Specimens within and above 
the zone of linear energy-volume rela- 
tionship are but little affected by such 
local conditions, and are in general 


‘ 


MANN ON DESIGN OF Impact TEST SPECIMENS 105 


considered to be more representative 
of the true dynamic characteristics. 
The energy per unit volume curves 
show that specimens having very short 
notch lengths are capable of absorbing 
relatively large amounts of energy when 
tested in impact under normal tem- 
perature conditions. When subjected 
to low temperatures, however, similar 
specimens exhibit an embrittling effect 
which, from previous variable velocity 


160 000 
x, 120000 
a 
© 100000 
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Temprature, deg. Fahr. 


Fic. 3.—Low-Temperature Physical Property 
Chart. 


S.A.E. No. 1035 steel— normalized from 1650 F.; specimens 
0.252 in. in diameter, 1.0-in. notch. 


tests, indicates the possibility that low 
temperature might be a factor influenc- 
ing such results by virtue of lowering 
the normal transition velocity of the 
material. 

To investigate this possibility, speci- 
mens of the S.A.E. No. 1035 steel were 
prepared having 0.252 in. diameter of 
section and notch lengths of 0.032, 
0.10 and 1.00 in. To determine the 
material characteristics and also the 
basic or maximum energy values, static 
tests were first carried out at tempera- 
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tures of from 70 to —110 F. These 
tests were made in a horizontal testing 
machine, using a special insulated box 


100 
1.0-in. Notch 
t 
OF. 
30 70 F. \ 
ze 
: 70 
- 0.1-in. Notch 
-/I0F. 
5 20 - 
-80F-> 
220 70F. | + 
10 0.032-in Notch 
—80F-2 
-40F-> 
OF-> 
10 


0 10 20 30 
Impact Velocity, ft. per sec. 


lic. 4.—-Effect of Temperature and Velocity on 
Total Energy Values. 
S.A.E. No. 1035 steel—normalized from 1650 F.; specimens 
0.252 in. in diameter. 


surrounding the test specimen, to which 
were attached long holders passing 
through gland packings at the ends of 
the box and attached to the heads of 
the testing machine. By filling the 
box with acetone to a level well above 
the specimen and adding dry ice, any 


desired subtemperature to — 110 F. could 
be obtained and held during the entire 
procedure of rupturing the specimen. 
The elongation and reduction of area at 
each increment of load were accurately 
measured and recorded, from which 
true-stress or potential energy diagrams 
were constructed. The diagrams ob- 
tained from the 1.0 and 0.1-in. notch 
specimens tested at 70 F. and —110F. 
are shown in Fig. 2. The complete 
static physical property chart is shown 
in Fig. 3. The significant feature of this 
chart is that under static or zero velocity 
test conditions, there is no evidence of 
any so-called embrittling effect at low 
temperatures. The strength values, and 
maximum energy values calculated from 
the area under the potential energy 
diagram, increase with but slight change 
in ductility, indicating that any lowering 
of energy values obtained from the 
impact test must be due to velocity. 

In the case of the 0.032-in. notch 
specimens it was found practically 
impossible to obtain sufficiently accurate 
measurements from which to plot a 
static curve. It was therefore con- 
sidered that the values obtained from 
impact tests at 5 ft. per sec. would be 
sufficiently close to the maximum or 
static values that they could be used as a 
basis for comparison. 

The impact tests were carried out in 
the 300 kg-m. Charpy impact machine, 
a special box surrounding the specimens 
which were brought down to the desired 
temperature in a manner similar to the 
static tests. By this method the speci- 
mens were tested while still immersed 
in the low-temperature bath. 

Tests were first made at a velocity of 
28.5 ft. per sec. and at the subtem- 
peratures where the energy values 
obtained were less than the static and 
5 ft. per sec. basic values, the impact 
velocity was successively decreased by 
lowering the height of fall of the pen- 
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dulum, until a velocity was reached at 
which the energy values obtained equaled 
the basic values. These results are 
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and do not come up to the normal basic 
values until the velocity has been 
reduced to approximately 10 ft. per sec. 


plotted in Fig. 4, and tabulated in In the case of the 0.032-in. notch, the 
Table III. velocity effect is evident at OF. and 
TaBLe III.—Low TemMpertureE STATIC AND DyNAMIC PROPERTIES. 
Tensile | Energy, ft-lb. 
Temperature, Vv Strength, | Elongation, 
deg. Fahr. | ocity, amit, Ib. per sq. per cent tress, 
ft. per sec. | lb. per sq. as per cent lb. per sq. Total Per Unit 
in. in. Volume 
1.0-1n. NotcH LENGTH 
+70 Static | 47000 78000 | 23.2 54.5 140 000 80 1 600 
0 Static 51 000 84 000 21.8 55.2 143 000 85.2 1704 
—80..... Static 57 000 92 000 22.7 52.4 153 000 100 2 000 
15.0 21.5 100 2 000 
—110 | Static 61 000 95 000 24.1 52.0 160 000 108 2 160 
28.5 18.6 70% 1 400 
0.1-In. NotcH LENGTH 
Si, ee Static | 50000 90 000 19.0 28.0 | 140000 | 22.6 4520 
oe Static 54 000 98 000 19.0 23.0 143 000 25.0 5 000 
a Static 60 000 109 000 20.0 22.6 153 000 28.0 5 600 
20.0 21.2 27.6 5 520 
—110 Static 64 000 114 000 22.0 25.4 160 000 30.0 6 000 
0.032-1n. NotcH LENGTH 
+70..... 28.5 23.0 14 370 
5 23.0 14 370 
0 28.5 22.0 13 740 
20 26.0 | 16250 
5 26.0 16 250 
—40 28.5 17.0° | 10 620 
20 24.5 15 300 
15 28.4 | 17 800 
5 28.0 | 17500 
—80..... 28.5 11.4 | 7130 
20 20.8 | 13000 
15 25.3 15 800 
10 30.0 18 750 
5 31.0% 19 370 


* Average of two tests. 

All others single test. 

It will be noted that the energy values 
for both the 1.0 and 0.1-in. notches show 
a decrease at —80 F. when tested at 
28.5 ft. per sec. but are equal to the 
basic values when the impact velocity is 
reduced to 20 ft. per sec. At —110F. 
the values show a very marked decrease 


still more pronounced as the temperature 
was lowered until at —110 F. the maxi- 
mum or basic value was not attained 
until the velocity was reduced to 
5 ft. per sec. 

To illustrate this velocity effect more 
clearly, the values, in terms of energy 
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' 22 000 per unit volume, were plotted as shown T 
a in Fig. 5. These curves show that pera 
20 000 within the zone of energy concentration, here 
shortening the notch length and thus leng 
18 000 increasing the energy concentration, teste 
s results at any given velocity, in raising The 
= 16000 the temperature at which departure and 
a from the maximum or basic energy thos 
_ ¢ 14000 value occurs. At the 28.5 ft. per sec. in cc 
2 velocity, departure in the case of the spec’ 
~ $12000 ().032-in. notch occurs at 30 F., while in the | 
+ the 0.1 and 1.0-in. notches, which are It 
> 10000 just outside the zone of linear energy- 0,026 
o volume relationship, the departure is at simil 
> § 000 20.0 per sec] approximately —70F. In each case note 
| Q.l-in.Notch as the velocity was decreased, the point 0.10- 
6 000} Storie! Tne t of departure from the maximum or basic Chat 
energy curve occurred at successively notcl 
4000 728.5 ft per sec. _| great 
poor Pp Notch TaBLe 1[V.—Suort Notcu Impact Test sorpt 
28.5 ft. per sec. | type 
-80 -40 40 80 | Energy, ft-lb. critic 
Temperature, deg. Fahr. | to 
_ Fic. 5.—Effect of Temperature and Velocity on = ___ |- Fr 
Energy per Unit Volume Values. 23.7 23 700 
S.A.E. No. 1035 steel—normalized from 1650 F.; specimens oh ee 23.7 23 700 may 
0.252 in. in diameter. is700 tensi 
| 7.6 7 600 zone 
from 
25 lower temperatures, indicating that the great 
; 4 & principal effect of low temperature is to and 
a depress the normal transition velocity § Sider 
¢ of the material. mate 
i - To show this effect the data from Or 
ed P15 Fig. 4 were plotted as shown in Fig. 6. It Is 
q 2 From the positions of these curves, and resul 
- also those in Fig. 5, it appears reasonable Char 
‘ i to assume that low-temperature tests the | 
4 a of specimens having notch lengths within J Com 
fs the zone of linear energy-volume rela- J % tl 
} tionshi ld I ifc d expected differ 
p would be uniform and exf 
: to reveal the true dynamic properties of § ‘pect 
s) the material, but when the notch lengths mach 
-80 -40 40 80 


are shorter or within the zone of energy 
concentration, the results reflect more 
“1G. 6.—Effect of Low Temperature on 132 
ace 
Transition Velocity. the influence of local material or surf 
S.A.E. No. 1035 steel—normalized from 1650 F. conditions. 


Temperature , deg. Fahr. 
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To determine the trend at low tem- 
peratures of still shorter notches than 
heretofore used, specimens having notch 
lengths of 0.020 in. were prepared and 
tested at a velocity of 28.5 ft. per sec. 
The results are tabulated in Table IV 
and are plotted (Fig. 7) together with 
those from the 0.10 and 0.032-in. notches 
in comparison with results from flexure 
specimens of the same material, having 
the keyhole and V-type notches.5 

It will be noted that results from the 
0.020-in. notch specimens possess a 
similarity to those from the Charpy V 
notch, and results from the 0.032 and 
0.10-in. notches to those from the 
Charpy keyhole notch. In the keyhole 
notch the dimensions were such that a 
greater volume participated in the ab- 
sorption of energy than in the V type of 
notch which resulted, as in the tension 
type of specimens, in a lowering of the 
critical temperature or point of depar- 
ture from the maximum or basic energy 
values. 

From the curves in Figs. 6 and 7 it 
may be concluded that in either the 
tension or flexure types of specimens 
when the notch lengths are within the 
zone of energy concentration, the results 
from low-temperature impact tests are 
greatly influenced by both notch length 
and velocity and should not be con- 
sidered as truly indicative of the 
material characteristics. 

On the basis of the facts presented, 
it is evident that the disagreement in 
results from the low-temperature flexure 
Charpy tests noted in the appendix to 
the 1936 report of the Joint Research 
Committee on Effect of Temperature 
on the Properties of Metals,° are due to 
differences in the notch lengths of the 
specimens and velocities of the testing 
machines used. 


Proceedings, Am. Soc. Testing Mats., Vol. 36, Part I, 
132 (1936). 


DISCUSSION AND CONCLUSIONS 


To determine the true dynamic prop- 
erties of a material, the following 
requirements as to the type of specimen 
and method of test should be adhered to: 

1. The test specimen should be of a 
type that can be readily tested under 
static as well as dynamic conditions, and 
yield data from which maximum or 
basic energy values can bé determined. 

2. The reduced or notched section 


35 


Charpy Keyhole Notch _. 
/ 


/7 ft. per sec. 
30 


Total Energy, ft-lb. 


“120 -80 -40 Oo 40 80 
Temperature , deg. Fahr. 


Fic. 7.—Comparison Between Tension and 
Flexure Low-Temperature Impact Tests. 
S.A.E. No. 1035 steel. 


should be of such form that it can be 
readily machined without introducing 
errors or irregularities of sufficient mag- 
nitude to affect noticeably the test 
results, and of such dimensions that the 
volume participating in the absorption 
of energy can be definitely controlled 
and measured. 

3. The length of reduced or notched 
section should be within the zone of 
linear relationship between energy and 
volume. 

4. A sufficient number of specimens 
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should be tested at different velocities 
in order that the transition point can be 
definitely determined. 

The tension type of specimen is best 
suited to meet these requirements. It 
can be tested under static as well as 
dynamic conditions, and is capable of 
furnishing data from which maximum or 
basic energy values can be determined. 
It is inherently free from machining 
difficulties, and such errors of dimensions 
or irregularities normally produced have 
no noticeable effect upon the test 
results; also the volume participating 
in the absorption of energy can be 
definitely controlled and measured. 

The generally accepted type of flexure 
specimen is not suited for test under 
static conditions, since data cannot be 
obtained for the determination of maxi- 
mum or basic energy values. The form 
of notch is difficult to produce and 
duplicate, and is also inherently subject 
to errors and irregularities of machining 
which measurably affect the test results. 
The volume factor cannot be definitely 
controlled or measured, and also the 
length of notch is usually within the 
zone of energy concentration. 

The present types of impact test 
machines operate at one velocity, which 
is below the transition point of most 
materials. Since velocity is one of the 
most important factors it is essential 
that the impact test machine be so 
constructed that high and variable ve- 
locities can be obtained. 

One of the principal reasons for the 
continued use of the single velocity 
impact test appears to be from the fact 
that certain steels, particularly of the 
nickel-chromium type, slowly 
cooled from the drawing temperature, 
exhibit a so-called “temper-brittle” con- 
dition which, although not evident 
from the static test, is revealed by the 
low energy values obtained from the 


impact test. Variable velocity tension 
impact tests of such “temper-brittle” 
material, carried out at the Watertown 
Arsenal, have conclusively shown that in 
this condition the transition velocity is 
extremely low, less than 5 ft. per sec., 
which accounts for the low impact values 
obtained from the ordinary single veloc- 
ity test. Similar conditions have been 
observed in tests of certain non-ferrous 
materials and conclusively indicate the 
necessity for a change in the present 
methods of impact test. 

The phenomenon of the change in 
transition velocity produced by low 
temperature as noted in Fig. 6, suggests 
the probability of a microstructural 
change in the material from the fact 
that the true-breaking stress and other 
physical properties definitely change as 
the temperature is lowered (Fig. 3). 
Studies at the Watertown Arsenal, 
comparing true-breaking stress values 
with the microstructure of various 
specimens of different compositions and 
conditions, have shown a definite correla- 
tion. Also, it has been established’ 
that the transition velocity is a function 
of material structure and can be widely 
varied by heat treatment. 

Assuming from these facts that a 
gradual change in microstructure is 
produced at lowered temperatures, it 
would be expected that, at a certain 
critical temperature dependent upon the 
material, this change might have pro- 
gressed to a condition which would 
affect the transition velocity in the 
manner noted. In the case of the 
material tested, this critical temperature 
is approximately —75F., as revealed 
from specimens closely within the zoneoi 
linear energy-volume relationship. The 
influence of energy concentration is to 
raise this critical temperature, and would 


6G. F. Jenks, of Impact Tests,” Trans 
actions, Am. Soc. Mechanical Engrs., Vol. 59, May, 193’, 
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therefore appear to account for the 
fact that results from impact tests of 
specimens having notch lengths within 
the zone of energy concentration are 
usually variable, and not indicative of 
material serviceability under similar 
low-temperature conditions. 

It appears evident from the facts 
presented that, as a means for determin- 
ing the true dynamic properties of a 
material, the present generally accepted 
methods of impact test are funda- 
mentally incorrect, and have greatly 
retarded advancement to a thorough 
understanding of the subject, however 
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establishing the influence ‘of the basic 
factors, velocity, notch length, and 
volume, offers a possibility for the early 
development of an acceptable standardi- 
zation of the impact test. 
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DISCUSSION 


Mr. Jesse J. Suuman.!—There is a 
group in the Association of American 
Steel Manufacturers, a committee on 
physical tests, which during the past 
year or two has done considerable 
investigational work on this problem. 
It is desired by some of the oil interests 
that tubular materials used in oil-well 
production should have high impact 
values as an additional guide to the life 
expectancy of the material; but it 
happens that the standard test specimen, 
that is, the transverse impact specimen, 
is 10 mm. square, which of course is 
thicker than the walls of most tubes. 
The problem therefore has been to 
evaluate reduced size impact specimens. 
The literature on that subject has 
indicated that results on sub-size speci- 
mens do not follow the arithmetical 
rule; that is, a specimen one-half of 
the standard thickness does not give 
results half as great as the standard 
specimen, but it may be 60 to 70 per 
cent instead of 50 per cent of the ex- 
pected results. The committee wished 
to determine whether a tension impact 
test which could of course have its 
specimen from the wall of any tube, 
might not answer the purpose and 
give the same indications. After going 
through an extensive experiment in 
which some nine laboratories exchanged 
specimens and results, it was rather 
apparent that the tension impact speci- 
men as made on the ordinary Charpy 
pendulum machine is not a suitable 
substitute for the transverse impact 
specimen as made with the keyhole 
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1 Inspecting Engineer, Jones & Laughlin Steel Corp., 
Pittsburgh, Pa. 


notch. We were hoping in that com- 
mittee that the extensive work at 
Watertown Arsenal with tension impact 
tests might point out the next step that 
could be taken in order to provide a 
suitable procedure of impact testing 
which will be dependable in indicating 
the impact values of these important 
steels. The tonnages involved are large 
and the matter continues to be one of 
importance, and if Mr. Mann or his 
associates can guide us in the direction 
that our investigational work should go, 
it would be greatly appreciated. The 
specimen that seemed to the committee 
to be best adapted for testing pipe in 
tension was one having a }-in. diameter 
over a parallel turned length of 1 in., 
measuring the elongation in } in. It 
was necessary to decide on some stand- 
ard, and that happened to be the 
standard that was worked out. 

Mr. G. F. Jenks.2—In answer to the 
last speaker, the Ordnance Dept. would 
be very glad to examine the test data 
obtained on pipe and give its opinion 
as to whether some modified form of 
specimen or modified method of tension 
impact test might not be more applicable. 
I am inclined to believe that the speci- 
men used was not properly designed; it 
would probably have been necessary, in 
order to obtain high stress concentration, 
to have used a shorter notch. 

Mr. D. L. Smart.*—The subject of 
impact testing is of particular interest 
to The Detroit Edison Co. because of 


2 Colonel, Ordnance Dept., U. S. Army; Chief of Tech- 
nical Staff, Office of the Chief of Ordnance, Washington, 


Research Dept., The Detroit Edison Co., Detroit, 
Mich. 
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its interest in the behavior of ferrous 
metals subjected to high-temperature 
service. We have operated experi- 
mental steam superheaters at 1000 
and 1100 F. for as long as 40,000 hr., 
removing samples of metal from time to 
time in order to determine the changes in 
physical properties and microstructure. 
One of the physical properties with 
which we were most concerned was 
impact strength. 

In interpreting the results of impact 
tests, however, we have frequently 
been faced with the same difficulty 
mentioned by Mr. Shuman in that it 
has not always been possible to use 
standard 0.394 by 0.394 in. V-notch 
Izod specimens. When the source of 
samples was §-in. wall thickness tubing, 
we have reduced the width across the 
notch to 0.340 in., keeping all other 
dimensions the same, and when the 
source was 4-in. wall thickness super- 
heater tubes, we have had to reduce the 
width still further to 0.215 in. We were 
forced to attempt to draw conclusions 
regarding the effect of different lengths 
of service from the results of tests 
using two different non-standard sizes 
of impact specimens and perhaps to try 
to correlate our results with those of 
another investigator who used standard 
specimens. This was not satisfactorily 
done. 

We made a study, therefore, of the 
impact strength of a 0.30 per cent 
carbon, silicon-killed steel when using 
the three types of specimens already 
referred to and a fourth of still smaller 
size. We found that as we reduced the 
specimen width, keeping all other dimen- 
sions the same, the impact strength 
increased considerably. Tests of 18 per 
cent chromium, 8 per cent nickel steel, 
however, have indicated a decrease in 
impact strength in almost direct pro- 
portion to the decrease in specimen 
width, and tests of carbon-molybdenum 
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steel have shown only a slight increase 
in impact strength for the narrower 
specimens. It is apparent that if a 
factor is found by which the impact 
strength of a given steel, determined 
from non-standard specimens, could be 
corrected for specimen size it would not 
apply to all other steels. 

In view of all this, we have hoped 
that the tension impact test might 
furnish a means by which we could make 
impact tests on specimens of different 
sizes and compare the results in a way 
in which we are not able to do at present. 
Some of the results presented by Mr. 
Mann showed that, for specimens of a 
given diameter, the impact energy per 
unit of volume remained practically con- 
stant for notch lengths above a certain 
minimum. What we are anxious to 
ascertain is whether we can use different 
diameters and also different notch lengths 
and obtain constant energy absorption 
per unit of volume. 

Mr. H. J. Goucu.A—While I have 
not yet studied Mr. Mann’s paper, | 
have seen something of this work at 
Watertown Arsenal. I think this entry 
into the field of tension impact testing 
is of great importance in the history of 
impact testing. On the other hand, I 
certainly do not agree with Mr. Mann’s 
concluding remarks that his work has 
shown the method of the flexural 
notched-bar impact test to be funda- 
mentally wrong. In England we do not 
profess yet to understand the notched- 
bar test but a great amount of experience 
has established its value as a discrimi- 
nating test for heat treatment, cold 
work, etc. If the author had exposed the 
shortcomings of the notched-bar test or 
established his own results on a rational 
basis, there might be some justification 
for his concluding remark; I cannot see 
that he has done either. As I under- 


4 Superintendent, Engineering Dept., National Physical 
Laboratory, Teddington, Middlesex, England. 
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To meet that difficulty, the author 
alters the static diagram by correcting 
for the reduction in area of the speci- 
men, integrates the resulting curve, and 
states that the area under this curve now 
agrees with the energy absorbed in the 
impact test. But the value obtained 
from the corrected curve has no real 
- meaning; it cannot express the total 
energy absorbed by the specimen to 
fracture. Hence the correspondence 
claimed must be regarded merely as a 
coincidence requiring explanation; there 
is no justification for the statement 
that the energies absorbed in both types 
of test have identical values. Until this 
difficulty has been overcome, the results 
given must merely be accepted as in- 
teresting experimental data not yet 
capable of interpretation. I would sug- 
gest that until this rationalization has 
been achieved it would be unwise and 
unwarranted to dismiss the enormous 
amount of experience already obtained 
with the flexural notched-bar test. 

That is not to imply that the position 
- of knowledge of notched-bar testing is 
regarded as satisfactory; to cite merely 
one example, a serious attempt to 
investigate the test on a dimensional 
basis was a complete failure. But its 
value as a simple and quick test to 
distinguish differences in microstructure 
and degree of cold work has been 
established for a great variety of steels; 
also, abnormal impact values have often 
been found associated with failures in 
service. So we shall watch the investi- 
gation of the tension impact test with 
very great interest, sympathy, and 
admiration, but, until it is placed on 
some real physical basis, we are not 
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prepared to abandon the notched-bar 
test. 

Mr. H. C. Mann? (author’s closure, 
by letter) —From the remarks of Mr. 
Shuman and Mr. Smart, it was ap- 
parently expected that the results of 
these investigations would suggest a 
form of tension specimen which, when 
tested under ordinary impact methods, 
would yield more dependable results 
than the flexure type. Although results 
comparable to the flexure type of 
specimen can be obtained by selecting 
the proper form of tension specimen, 
neither will reveal the true dynamic 
properties of a material unless the veloc- 
ity factor is considered. 

These investigations have clearly 
shown that velocity is a most important 
factor and one which must be considered 
in determining dynamic characteristics. 
The velocity effect, or transition point, 
is, in general, only revealed from tests 
conducted at velocities higher than those 
of the ordinary impact machine. Since 
the single velocity test gives only one 
point on the energy-velocity curve, it 
should be evident that the results can 
be of little value if, in service, the rate of 
loading or force application is at a 
velocity other than that at which the 
test is made. 

It is believed that considerable prog- 
ress could be effected if industry would 
consider that the fundamental dynamic 
properties of a material must first be 
determined from variable velocity and 
temperature tests, and, having once 
established these characteristics, it 
should be possible to set up simple 
acceptance test limits. The research 
investigations at Watertown Arsenal are 
being conducted with this in view, and 
the results, which correlate transition 
velocity with carbide condition and 


Senior Materials Engineer, Watertown Arsenal, 
Watertown, Mass. 
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magnitude of energy values with ferritic 
distribution, are most promising and 
have added greatly to our understanding 
of the subject. 

From the remarks of Mr. Gough, it is 
quite evident that the method of 
presenting the theory of the static- 
dynamic relationship has been such that 
it is not readily understood unless one 
has carefully studied in detail the basic 
data presented. Since acceptance ofthe 
factual data on this subject apparently 
hinges on the static-dynamic relation- 
ship, a more detailed explanation of the 
phenomena is presented. 

From a series of static and dynamic 
tests of a given material and condition 
using similar specimens, it was found 
that during deformation the rise in 
temperature at any section normal tothe 
axis of the specimen was directly pro- 
portional to the change in area at that 
point, and that the heat evolved was 
the same in both types of test. 

In the static test, however, meas- 
urements of load and elongation are 
taken only after equilibrium or zero 
velocity conditions have been estab- 
lished, that is, after all heat evolved 
has been dissipated. The test, there- 
fore, is isothermal in nature, and the 
load-elongation diagram represents 
simply strain-energy, since the load 
maintained is dependent only upon the 
elastic properties of the material. In 
the dynamic test, rupture takes place 
without appreciable heat dissipation, 
and the test, therefore, is adiabatic in 
nature. 

Since under both static and dynamic 
conditions all measurable properties— 
elongation, reduction of area, and heat 
evolved—are the same, it is evident 
that the factor determining whether 
the test is isothermal or adiabatic in 
nature is velocity. 


For isothermal (static) conditions, 


— 


the total energy value may be expressed 
| *s 


as: 
50 = 


and for adiabatic (dynamic) conditions: 
60 = 6Ws + bWy 

where 6W x 


In the static test it was observed - 
that to produce a given amount of 
deformation, if the rate of load applica- 
tion was increased, the momentary a 
observed load and the temperature was ~ 
higher than at equilibrium. As the 
heat dissipated, the temperature reduced — 
to normal and at the same time the 
load dropped off to that required for 
elastic balance. For relatively small — 
increments of deformation, it was found 
that the rate of loading could be in-| 
creased to the point above which no- 
greater rise in temperature or increase in | 
observed load could be obtained. At 
this point the temperature rise was 
found to be the same as obtained from — 
the dynamic test, producing an equal - 
amount of deformation, and indicated 
the attainment of an adiabatic condition. 

It is only during the process of de- 
formation that heat is evolved, and the 
amount of heat produced was found to be 
directly proportional to the change in- 
sectional area. In the case of the static 
or isothermal diagram, the increment 
load values are only those sustained by 
the elastic strength of the reduced 
section, and do not represent the 
additional loads necessary to produce 
the same increments of deformation 
under adiabatic conditions. From this 
it was assumed that the increment total 
loads under adiabatic conditions could 
only be those which would be sustained 
by an area equivalent to the original 
cross-section, but having the same 
elastic strength as the reduced section, 


strain-energy,and 


heat-energy. 
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18000 _! Total Energy Curve J * | Evolved |Diagram 
Deformation plus * +|0.357 
| Heat... 0.353| 0006| 008 
6000 = >of 10350] 0058] 020 
160 0.345 | 0.227] 032 
14 0.335] 0.760| O76 
Lx Ratio 0.3221 2060| 200 
wll 0.312| 3.260| 3.30 
12 000 | 0.292] 6300] 632 
0.272 | 10.710 | 10.69 
ZA 7 0.225|[ 20430] 2050 
|i 0.212 | 25.000 | 25.00 
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and a diagram constructed on this basis contour shows the increment dimen- befor 
should represent the true dynamic or sional changes produced during the chec! 


adiabatic conditions. This diagram is progress of deformation to rupture. an ¢ 
readily constructed by increasing the ‘The length of the sectional element used corre 
static load values in the ratio of original in the energy calculations was 0.025 whic 
to reduced sectional areas. Results in., which included the change in similar cove 
from a large number of tests of ferrous elements from both halves of the 

and non-ferrous materials conducted specimen. 
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6000 / Deformation... 243 ft-lb. 
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[to] Dynamic....... 325 ft-lb. 
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Total Elongation, ft. 
Fic. 1.—Comparison of Energy Values. 


under normal, and both high- and low- This correlation between static and 
temperature conditions, have substan- dynamic tests on the basis of isothermal 
tiated and verified thecorrectness of the and adiabatic conditions was originally 
above assumption. presented early in 1935.6 Further tests As 


A typical example, with a comparison altering the original concept were the flexu: 
of energy values determined from actual basis of a subsequent paper presented = 
temperature measurements and the re- _ Static i 

Mats., 
valuated diagram, are shown in the ; *Ré 
: xs h : 6H. C. Mann, “Relation of Impact and Tension Tests Impact 
accompanying Fig. 1. The specimen of steei,” Metal Progress, March, 1935, p. 36, oc. Te 
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before this Society.?7 A recent complete 
check of all data, however, brought out 
an error of calculation which, when 
corrected, verified the original results 
which were essentially the same as 


covered in this discussion. 
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of the 1922 Symposium on Impact 
Testing, it is stated that, “‘the results 
are not sufficiently discriminating to 
indicate any but rather large differences 
in materials.””’ From the vast amount 


of impact testing carried out at the 
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Effect of Carbide Condition on Transition Velocity. 
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 §.A.E. No. 3435 steel--stabilized and temper brittle; specimens 0.357 in. in diameter by 1.4 in. 


As to the value of the ordinary 
flexural notched-bar test, in a résumé® 


7H. C. Mann, “The Relation Between the Tension 


Static and Dynamic Tests,”’ Proceedings, Am. Soc. Testing 


Mats., Vol. 35, Part II, p. 323 (1935). 


*Résumé of the Facilities and Methods for Making 
Impact Tests, and Their Interpretation, Proceedings, Am. 


sc. Testing Mats., Vol. 26, Part I, p. 546 (1926). 


Watertown Arsenal Laboratories, noth- 
ing has been revealed that would nullify 
this statement. 

Where there is a marked difference 
between the ordinary impact values of 
correctly and incorrectly heat-treated | 
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material, the variable velocity test has 


shown that when incorrectly treated, 


tion velocity. 
typical example shown in the accom- 
_ panying Fig. 2. 
ordinary impact machine (16 ft. per 


the material has an extremely low transi- 
This is illustrated in the 


At the velocity of the 


sec.), the difference in energy values is 
clearly evident and the flexural test 
would naturally reveal this condition. 
However, many other cases have been 
found where the material has been heat 
treated to have a transition velocity of 
over 100 ft. per sec., but when differently 
processed a transition point of only 


30 ft. per sec., below the transition 


point the energy values being approxi- 
mately the same. In such cases the 


ordinary single velocity impact test 


would show no difference between the 
two conditions. 

The results of further continuation of 
the variable velocity impact investiga- 
tion have revealed the fact that transi- 
tion velocities are markedly affected by 
grain boundary carbide conditions; when 
present as continuous or intermittent 


chains, the transition point is low, but 
when well diffused and not at the grain 
boundaries, it is greatly increased. The 
photomicrographs in Fig. 2 show this 
comparison. In all these studies no 
correlation has been found between 
transition velocity and usual micro 
characteristics. The only correlation 
so far noted has been that the condition 
of ferritic distribution appears to govern 
the magnitude of the impact energy 
value. 

In view of the data presented, it 
would appear unnecessary to discuss 
further the shortcomings of the ordinary 
single velocity notched bar test. The 
obvious general lack of correlation with 
any known physical property of the 
material, or with subsequent service 
behavior, should be sufficient evidence 
of the unreliability of the test as usually 
conducted. In support of the proposed 
method of variable velocity testing, 
there is the following indisputable 
fact: one point (a single test at one 
velocity) does not determine the shape 
of the energy-velocity (dynamic) curve. 
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Tgy SYNOPSIS 

Certain features of the Meyer hardness test are reviewed. 
, it A method is proposed for expressing a shear yield strength which bears 
“USS a definite relationship to tensile or compressive yield strengths. 
ary An explanation is offered, based on relative strengths in shear and com- 
The pression, for the differences commonly observed in the surface contours of 7 
vith Brinell impressions. Other differences in the nature of the plastic deforma- 
the tions below the surface of the impression are studied by means of a split = 
vice hardness test specimen. ms 
noe Relations are established between depth of visible plastic deformation, rise 7 
‘ of metal above the original surface, and the Meyer n coefficient. The rate 
ally of increase of depth of plastic deformation with diameter of indentation is 
osed determined for four series of metals. The published work on thickness re- _ 
Ang, quirements is reviewed from the standpoint of the present determinations. 
able Data are presented on the effect of annealing on many of the hardness | 
one properties of a cold-drawn silicon bronze. 
1ape Plastic deformations under cylindrical and spherical indentors are com- 
irve, pared. 


INTRODUCTION _ 


Over a period of 37 yr. following its 
introduction by J. A. Brinell, there has 
been a considerable amount of research 
on the Brinell hardness test and on the 
correlation of hardness with the results 
of other less convenient methods of 
physical testing. A very large propor- 
tion of this literature has been sum- 
marized in Hugh O’Neill’s monumental 
book on hardness testing.” 

In view of these facts, it is rather sur- 
prising to discover how little is known 
of the fundamental mechanics of a ball 


1 Member, Research Dept., The American Rolling Mill 
Co., Middletown, Ohio. Based upona thesis to be sub- 
mitted by Robert H. Heyer to the Faculty of Purdue Uni- 
versity in partial fulfillment of the requirements for the De 
gree of Doctor of Philosophy, June, 1938. 
: *Hugh O'Neill, “The Hardness of Metals and Its 
lgasurement,” The Sherwood Press, Cleveland, Ohio 
). 


hardness test. Although no claims are 
made for a fundamental solution at this 
time, it is hoped that the present work 
will prove to be a step forward. 

The ball type of indentor was chosen 
in preference to the conical or pyramidal 
types partly because the Brinell type 
test is best adapted to the separate 
evaluation of two factors which enter 
into any type of indentation test: 
namely, the pretest hardness and the rate 
at which hardening takes place during 
the test. 

Meyer’ discovered a practical method 
for making such a division in his pioneer- 
ing investigation reported in 1908. Al- 
though the main purpose of the present 


3E. Meyer, “Untersuchungen tiber Hartepriifung und 
Harte,” Zeitschrift des Vereines deutscher Ingenieure, 
Vol. 52, pp. 645, 740, 835 (1908). 
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paper is to describe the nature and sig- 
nificance of the Brinell impression itself, 
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I'1G. 1.--Showing the Increase in Liameter of 
Impression with Applied Load for Six Metals 
Having Constant “Unworked Hardness” (a = 


66) but Variable Work-Hardening Coeflicients. 
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Fic. 2.-Showing Variation in Meyer Hard- 
ness (Eq. 2) _ Applied Load for the Six 
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Fic. 3.—Brinell Hardnesses Corresponding 
to the Meyer Hardnesses of Fig. 2. 


the Meyer analysis is indispensable in 
discussion of the results; consequently 


HEYER ON ANALYSIS OF BRINELL 


HARDNESS TEST 

some of its features are summarized 
here. 

The Meyer test method, although 
universally accepted, has been used 
relatively little in this country. The 
relationship expressed in Eq. 1 below 
is capable of almost universal applica- 
tion to ball-type tests, and very few 
cases have been reported wherein experi- 
mental data have deviated from this 
exponential relationship, within the 
limits of impression diameters originally 
set. 

O’Neill? and Hoyt* have given us 
excellent accounts of Meyer’s work, 
which may be summarized in the expres- 
sions: 


where 


L = load in kilograms (usually on a 
10-mm. ball), 

= diameter of indentation in milli- 

meters, 

_M = Meyer hardness in kilograms per 
square millimeter of pro- 
jected area, 

= pretest hardness in kilograms 
per square millimeter of pro- 
jected area, and 

coefficient representing strain- 
hardenability. 


n 


_ Figures 1 to 3 are presented as visual 
aids to interpretation of the constants 
a and n, and for direct comparison of 
M (Meyer hardness) with the more usual 
Brinell hardness. In these figures the 
constant a has been arbitrarily taken to 
be 66, the value for mild steel in the 
data following. Thus in each figure 
six metals are represented having 4 
constant unworked hardness but differ- 
ent rates of strain-hardening, repre- 
sented by values of the strain-hardening 


+S. L. Hoyt, “The Ball Indentation Hardness Test,” 
Transactions, Am. Soc. Steel Treating, Vol. 6, p. 396 (1924). 
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coefficient, mn ranging from 1.9 to 2.4. 
The value 66 for constant a may be 
given the following approximate in- 
terpretation. When d = 1, L = 
ad" = 66 (1)" = 66 kg. required to 
produce a 1-mm. diameter impression 
in each of the six metals, independent 
of n values. Considering the shallow 
nature of a 1-mm. diameter impression 
as applied by a 10-mm. ball, and the 
small amount of work-hardening pro- 
duced, we are perhaps justified in asso- 
ciating this constant with the pretest 
hardness. However, in order to appre- 
ciate the magnitude of the stresses and 
deformations when d = 1 mm. and L = 

= 66 kg., the following calculations 
from elastic theory were made. Using 
the development by Thomas and 
Hoersch,® an elaboration of the Hertz 
theory, the load and elastic impression 
diameter at the point of elastic failure 
due to internal stresses were calculated 
from the physical data available for 
the mild steel being considered. Using 
25,800 lb. per sq. in. as the yield strength 
in shear (defined on page 124), it may be 
shown that a load of 0.37 lb. on a 10- 
mm. steel ball will produce yielding. 
The corresponding elastic impression 
will be 0.0031 in. in diameter; the maxi- 
mum compressive stress just under the 
ball will be 80,200 lb. per sq. in.; and 
the mean effective pressure (based on 
the projected area) will be 49,200 Ib. 
per sq. in. Furthermore, the yield- 
ing will start at a point 0.00072 in. 
below the surface, at which point the 
Shear stresses are at a maximum. 
(Thomas and Hoersch checked similar 
applications of their formulas by experi- 
ments with mild steel, using much larger 
indentors than considered here.) 

The calculated values of maximum 
and mean effective compressive stress 


+H. R. Thomas and Y. A. Hoersch, “Stresses Due to 
the Pressure of One Elastic Solid upon Another,” Bulletin 
No. 212, University of Illinois Engineering Experiment 
Station (1930). 
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are both considerably greater than the 
compressive yield strength of the mild 
steel (found to be 34,700 lb. per sq. in.). 
In fact, 80,200 Ib. sq. in. is greater than 
the tensile strength for this material, 
yet permanent yielding is negligible at 
the beginning of elastic failure. 

Returning from elastic behavior to 
the permanent indentations of the hard- 
ness test, the calculated mean effective 
pressure when d = 1 mm. and L = 66 
kg. is 84 kg. per sq. mm. or 119,500 Ib. 


PHOTOELASTIC ANALYSIS 


j 


ire 


\ 


Fic. 4.—-Photoelastic Analysis of Stress Di- 
rections in a Celluloid Plate Loaded Through a 
Celluloid Cylinder. 


per sq. in., and the maximum stress just 
under the ball must be somewhat higher. 
It is not likely that the strain-harden- 
ing effect under a 1-mm. diameter im- 
pression is sufficient to raise the strength 
of even a small portion of the metal to 
such a figure. 

Obviously the directions of the 
stresses below the surface are not paral- 
lel and in the direction of the external 
load, but radiate from the area of con- 
tact so that the effective area supporting 
the load is considerably greater than 
the projected area of contact. This 


has been proved for elastic conditions — 
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_ This is a debatable assumption. 
_ hasi* presented data showing that n 


Inc., 


by Coker! and Mesmer. (Reported by 
Nadai).? The results of an additional 
photoelastic determination of the stress 
trajectories in a celluloid plate loaded 
through a cylinder of the same material 
are given in Fig. 4. The mathematical 
solution for-the case of a single concen- 
trated force acting at the edge of a 
large plate (an infinite plane) indicates 
that the trajectories of the primary 
compressive stresses are straight lines 
radiating from the point of contact.* 
The curvature of the compression lines 
- in Fig. 4 indicates a finite area of contact 


conditions (see Figs. 7 and 8). 

It is interesting to note that a load 
of 0.46 lb. would produce a permanent 
impression 0.0031 in. in diameter, equal 
in size to the elastic impression at 
_0.37-Ib. load, provided the Meyer rela- 
tionship holds down to such low loads. 
Taka- 


and diameter rather 
than depth measurements. Krupkow- 
ski concluded that the Meyer expo- 
~ nential formula is exact for copper in the 


balls ranging from 1 to 30.16 mm. in 
diameter. 

The significance of the constant n 
should be quite apparent from a study 
of Figures 1 to 3. 


G. Coker, 
Curved Members,” 
(British), p. 901 (1928). 

. Nad: ai, “Plasticity,” p. 254, McGraw-Hill Book Co., 

New York City (1931). 

8K. Takahasi, “Relation Between 
Diameter of Impressién in Brinell Hardness Test,” 
Stampings, Vol. 2, p. 888 (1929). 
9A. Krupkowski, “Mechanical Properties of Copper,” 
Revue de Metallurgié, Vol. 28, pp. 529, 598, 641 (1931); 
— Vol. 29, pp. 16, 74 (1932). 


“Contact Pressures and Stresses of 
Proceedings, Inst. Mechanical Engrs. 
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Figure 1 shows that the impression 
diameter increases with load at a rela- 
tively low rate in the case of a metal 
with a relatively high work-harden- 
ability; for example, n = 2.4. 

Figure 2 shows the corresponding 
calculated values of Meyer hardness for 
the six metals, in which the metal of 
highest work-hardenability reaches an — 
apparent hardness nearly twice as great Se 
as a metal with no work-hardenability 
(n = 2.0), when both are tested at the 
usual load of 3000 kg. 

Figure 3 shows calculated Brinell 
hardness numbers for corresponding 
diameter-load readings. The appar- 
ently meaningless maximum values for No. $7 
Brinell hardness have several times No. $8 
before been used as evidence against No. $9 
the scientific accuracy of the empirical 
Brinell relationship. Severely  cold- 
worked metals having values of n ai 
approximately = 2.0 show decreased 
Brinell hardness values with increasing ‘0. SI. 
loads in the entire range of loading. 
Figure 3 also illustrates the fact that in 0. SI 
the case of most commercial steels the 0. Si 
hardness values will be reasonably , 
constant at various loads because their » Si 
n values usually lie between 2.15 and v0. S2¢ 
2.25 unless they have been drastically No. $21 
cold worked. It is believed that this No. $2: 
fact influenced Brinell in his selection No. 82: 
of the surface area of the indentation ». $2! 
instead of the simpler projected area. 0. S2¢ 


MATERIALS No, S28 


Several representative, commercially No. $26 
available alloys were obtained in the : 
form of bars j or 1 in. in diameter. 
In addition to the hot-rolled, cold- 
drawn, or extruded state, the bars were 
tested after certain heat treatments as 
indicated in Table I. This group covers 
a wide variety of types of hardness 
impressions and Meyer coefficients, the 
principal deficiency in the list being 
hardened and tempered machine steels 
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These stress trajectories may be com- 
pared with those obtained under plastic 
approached 2.0 as d approached zero 
However, Krupkowski® made very ex 
tensive tests on copper using more 
sensitive means of loading, a lower mini. 
mum load (1 kg.), a longer time of 
application of the load (3 min. comparec 


- 


those found here. 


Tests METHODS 


It was considered desirable to deter- 
mine relative yield strength values in 


Series Designation 
Armco A 
No. $2.. ...| Armco B 
No. $3......' Mild steel A 
Mild steel B 
Mild steel C 
Mild steel D 
S.A.E. No. 2330A 
20% Cr A 
20% Cr B 
No. $10.... 18-8 A 


Monel A 

No. $13.....| Monel B 

Herculoy A 
me. Herculoy B 
me. S16. .... Brass A 
No.$17.....| Brass B 

No. $18.....| Alcoa SISA 
ae Alcoa 51S B 
No. $20.....| Alcoa 51S C 
No. §21.... Alcoa 51S D 
No. Alcoa 2S A 
me. S23..... Alcoa 2S B 
Me. $24..... Alcoa 2S C 
No. $25..... Dowmetal A 
No. $26..... Dowmetal B 
No. $27.....| Zine A 

Zinc B 

No. §29..... Aluminum A 


No. $30.... Aluminum B 
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having much higher a constants than 


B strain gages set at 1-in. gage length 


and diametrically opposite on the speci- 


Description 


Armco ingot iron. Hot rolled 


| Armco ingot iron. Annealed at 1560 F. 


0.15 per cent carbon. Cold drawn 

0.15 per cent carbon. Quenched in water from 
1660 F. Spheroidized at 1300 F. for 21 hr. 

0.15 aot carbon. Quenched in water from 
1660 F. 

0.15 per cent carbon. Annealed at 1660 F. 


S.A.E. No. 2330. Hot rolled 


0.11 per cent carbon, 19.6 per cent chromium 
stainless steel. Hot rolled 

0.11 per cent carbon, 19.6 per cent chromium 
stainless steel. Cooled in air from 1500 F. 


0.07 per cent carbon, 17.6 per cent chromium, 
8.7 per cent nickel stainless steel. Hot rolled 

0.07 per cent carbon, 17.6 per cent chromium, 
8.7 per cent nickel stainless steel. Quenched 
in water from 2000 F. 


Monel metal. Cold drawn 
Monel metal. Cooled in air from 1650 F. 


Silicon bronze. Cold drawn 
Silicon bronze. Annealed at 800 C. 


Free cutting, leaded brass. Cold finished 
Free cutting, leaded brass. Annealed at 800 C. 


Alcoa 51S. Cold finished 

Alcoa 51S. Quenched in water from 970 F. 

Alcoa 51S. Quenched in water from 970 F. 
Held at 300 F. for 27 hr. 

Alcoa 51S. Annealed at 800 F. 


Alcoa 2S. Cold finished 
Alcoa 2S. Annealed at 600 F. 
Alcoa 2S. Annealed at 1100 F. 


Dowmetal A. Extruded | 
Dowmetal A. Quenched in water after 16 hr. 
at 750 F. Held at 350 F. for 22 hr. 


| Commercial zinc (99.95 per cent). Rolled 


| Alcoa 2S. Annealed at 600 F. 


Commercial zinc (99.95 per cent). Annealed 
at 


Alcoa 2S. Cold finished 


| 


_ men. The specimens were cylinders 
approximately 34 in. long and 7 or 1 
in. in diameter, with parallel milled ends. 
A spherical seat and hardened steel 


TABLE I.—DESCRIPTION OF MATERIALS TESTED. 


Source 


The American Rolling Mill Co. 
The American Rolling Mill Co. 


Stock ’ 


Crucible Steel Company of America 


Crucible Steel Company of America 


Crucible Steel Company of America 


Crucible Steel Company of America 


International Nickel Co. 
International Nickel Co. 


Revere Copper and Brass, —-_ 


Revere Copper and Brass, Inc. 


Stock 
Stock 


Aluminum Company of America 
Aluminum Company of America 
Aluminum Company of America 


Aluminum Company of America 
Aluminum Company of America 
Aluminum Company of America 
Aluminum Company of America 
Dow Chemical Co. 
Dow Chemical Co. 


New Jersey Zinc Co. 7 
New Jersey Zinc Co. 


compression and in shear as an aid to compression 


interpretation of certain hardness char- 
acteristics; therefore compression and 
torsion tests were carried out according 
to the following procedures. 
Compression tests were made using 
4 Riehle 50,000-lb. universal testing 
machine, and two Huggenberger type 


blocks were used. Tests 
were carried only to the limit of the 
strain gages, and yield strength values 
were calculated in the usual way from 
plotted stress-strain curves. The tests 
were run very slowly in the plastic 
range, allowing up to ten minutes for 
the specimen to approach equilibrium at 
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weight tester. 
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each loading increment. No definite 
time interval was chosen, but each load 
was maintained until movement of the 
strain gages was imperceptible. 

Torsion tests were made, using 6- to 
8-in. gage lengths and ?- to j-in. diam- 
eter bars. The testing machine used 
was a remodeled lathe to which a dead- 
weight Jever arm loading device was 
attached to the tail-stock. A balanced 
loading arm was used extending 100 in. 
on either side of the center. The head 
stock was arranged to maintain the 
torque applied through the specimen 
and to allow controlled rotation in order 
to keep the loading arm balanced, as 
indicated by a spirit level. The initial 
— loads were 30 lb. at the end of each arm, 
thus the nominal capacity of the 
machine was 6000 in-lb. With two 
_ exceptions all types of bars were strained 
well beyond their yield strengths in 
or ]-in. diameter sections. The tests 
on cold-drawn monel metal and the hot- 
rolled 20 per cent chromium steel were 
completed in an Olsen 58,000 in-lb. 

torsion tester after the most essential 
data had been obtained in the dead- 
The troptometer used 
in all torsion tests was a simple circular 
arc type having a curved scale placed 
12 in. from the center of the specimen. 
_A reading glass was used to read the 
scale to 0.01 in. The load could be 
maintained constant indefinitely in the 
_ dead-weight lever type torsion tester, 
and the tests were run slowly in the 
plastic range as in the compression tests. 

In order to compare stress values in 
shear and compression, some means had 
to be selected for securing shear yield 
stresses comparable to compressive yield 
stresses. Because of the inherently 
different nature of shear and compres- 
sive strains, it is difficult to select any 
arbitrary torsional strain which will be 
directly comparable to a compressive 
strain such as 0.002 in. per inch. 


Neither is it reasonable to assume some 
new arbitrary shear strain, such as 
0.002 in. per inch, of gage length, for 
the determination of a torsional yield 
strength; that is, provided the relation- 
ship between the actual strengths in 
shear and compression is to be estab- 
lished. (It should be remembered that 
such a shear strain represents 0.002 in. 
tangential movement with respect to a 
center 1 in. from the point of stress 
considered.) 

In order to obtain a practical basis for 
making such comparisons, the known 
properties of mild steel were borrowed 
as a starting point. It is well known 
that a fairly constant relationship exists 
between the torsional and tensile (and 
therefore compressive) yield points of 
mild steel. Seely and Putnam! re- 
ported the ratio of the yield point 
stresses in shear and compression to be 
0.65. (A somewhat lower ratio is ob- 
tained when tubular torsion specimens 
are used.) In order to obtain a relation- 
ship between allowable strains in shear 
and in compression, it is proposed that 
the corresponding elastic stress incre- 
The small angular deformation 


ments be related through a factor 


0.65. 
in torsion which corresponds to an elas- 


tic shear stress increment which is 
0.65 times the allowable elastic compres- 
sive stress increment may then be used 
as an allowable permanent set in tor- 
sion, in exactly the same way as the 
compressive strain increment is used as 
the allowable permanent set in the es- 
tablished procedure for determining 
yield strength in compression. 

A similar relationship might be set 


up with an = ratio equal to unity, or 
Je 
equal to the theoretical value of 0.5 


10F, E. Seely and W. J. Putnam, “The Relation 
Between the Elastic Strengths of Steel in Tension, Com 
pression and Shear,” Bulletin No. 115, University 
Illinois, Engineering Experiment Station (1919). 
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obtained from consideration of shear 
5 stresses developed in simple tensile or 
r compressive members. However, the 
1 value 0.65 happens to be a better aver- 
- e for experimentally determined ratios 
ag pe y 
n of shear to compressive stress for the 
)- several ferrous and non-ferrous alloys 
t used in this investigation; consequently, 
1. if a single formula is to be used for all 
a metals, the ratio 0.65 has some merit. 
3S The numerical expression for such an 
allowable angular set is readily found as 
or follows. 
ed Given: 
mn E = modulus of elasticity in compression, 
ts in pounds per square inch, 
ad E, = modulus of elasticity in shear, in 
pounds per square inch, 
of r = radius of torsional test bar in inches, 
re- Tr! 
a J = polar moment of inertia = eg 
be Ae. = allowable permanent set at the 
compressive yield strength, in 
‘ inches per inch of gage length, and 
AS, = elastic compressive stress corre- 
on- sponding to an elastic strain = 
ear Ae. 
hat Unknown: 
= unit angular deformation, corre- 
sponding to the allowable set in 
ae compression, in radians per inch 
. of gage length of the torsional 
jon test bar, 
les- AS, = elastic shear stress corresponding to 
; an elastic strain of AO 
1S 4M = increment of moment correspond- 
res- ing to AO, in inch-pounds, and 
ised Ae, = maximum tangential shear strain = 
tor- AO’ -r, expressed in inches per inch 
‘he of gage length of the torsional 
test bar. (This is the conven- 
d as tional unit shear strain.) 
eS- Calculation: 
ning AS, = 0.65AS, (assumed) 
AS, 0.65 A S, 
au = = 
» set r r 
AM 0654S,  0.65A¢EF 
y, oF EJ rE. rE, (3) 
0.5 
In the case of a j-in. diameter steel 
Ny lorsion bar, the following values may 


be used as an example: 
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= 30,000,000 Ib. per sq. in., 

E, = 11,500,000 Ib. per sq. in., 

Ae. = 0.002 in. per inch of gage length, 
r = 0.4375 in., and 

0.65 0.002 30,000,000 

0.4375 X 11,500,000 ” 


= 0.00775 radians per inch of gage 
length, 
= 0.443 deg. per inch of gage length. 


If the torsional data are plotted as 
M versus 6, it will be easy to determine 
the moment and corresponding shear 
stress by a graphical construction similar 
to that now used for determining yield 
strength in tension or compression. — 


| --------- 


Fic. 5.—Cross-Section of a Sphere Inscribed 
in a Cube After the Cube Has Been Perma- 
nently Deformed. 


It is of interest to note that if the 
allowable unit tangential shear strain, 
Ae,, were taken as 0.002 in. per inch of 
gage length: 


0.002 


0.4375 ~ 2.00457 radians per inch of 


gage length 
0.262 degrees per inch of gage length, or 
59 per cent of the former | 
value. 


Ad’ = 


Since the allowable set in torsion is less, 
the yield strength in shear will be less 
than that for the proposed method of © 
calculation. The AS,/AS, ratio 
responding to the above value would be 
only 0.383, which seems to be a rela- 
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tively severe arbitrary limitation for 
shear stresses and strains. 


the usual way, using the concentric 
loading method»? The time of applica- 
tion of each load was 3 min. for alloys 
of series Nos. 1 to 17, and 5 min. for 
all others. The Olsen hydraulic type 
__ Brinell tester used was calibrated by 
means of a proving ring. 

The plastic deformation of the metal 
under the Brinell ball was studied by 
means of a split specimen held together 
in a clamp during application of the 
load on the Brinell ball. These speci- 
mens were carefully milled and lapped 
in such a way that flat, right angled, 


Cold Drawn 


Annealed 


Fic. 6.—Showing the Method of Determining 
Stress Trajectories from the Directions of the 
_ Compressive Stresses at Several Points Along a 
Streamline. 

The elevated surface contour corresponds to the data for 


the cold-drawn alloy at the left. The depressed surface 
q corresponds to the y Pe for the annealed state. 
closely fitting halves were obtained. 
One of the contacting surfaces was 
marked with a sharp tool in a dividing 
} engine, as illustrated in Figs. 7 and 8. 
4 The parts were then clamped together 
with sufficient force to prevent spread- 
ing when the Brinell load was applied, 
without, however, setting up undue 
’ _ elastic compressive stress in the speci- 
. men. It was found that the Brinell 
load required. to produce a given size 
of impression was appreciably different 
than for a normal test. However, no 
appreciable difference was observed in 
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the diameters of the impressions in the 
direction of, and normal to the com- 
pressive stress produced by the clamp; 
consequently, it was felt that the plastic 
strains were but little affected by the su- 
perimposed elastic compression. 

The cross-sections of the deformed 
specimens were photographed at three 
times magnification, and certain meas- 
urements of linear deformations were 
made from prints enlarged to ten times 
magnification (see Figs. 7 and 8). 
Other more detailed measurements of 
both lineal and angular deformations 
were made by direct observation of the 
ruled specimens at 100 magnifications. 

It is believed that improved loading 
conditions would result if a true cylin- 
drical test specimen were machined 
from the fitted halves. Such a speci- 
men could be shrunk into an undersize 
steel ring so that essentially constant 
radial compressive stresses would result. 
— 


Test DATA 


The test data are summarized in 
Tables II, III, and IV and Figs. 4, 
6, 7, and 8. 

Much of the data obtained from the 
split hardness test specimens will be 
found in Table III and the curves on 
the page opposite. Since it was not 
practical to reproduce photographs of 
all of these specimens, the general type 
of impression was recorded in Table 
III, column D. Type A is represented 
by Fig. 7 and type C by Fig. 8. Type 
B is intermediate between A and C, in 
that the edge of the impression is neither 
sharp and raised well above the surface 
nor is it rounded and depressed. In 
type B the impression may show con- 
siderable general rise above the surface 
level, but its edge is not sharp at the 
points of contact with the ball as in 
type A. 

Specimens Nos. 46 and 47 were im- 
pressed by a hardened steel cylinder 
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ON PLAstTIC DEFORMATION IN THE BRINELL TEST. 
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| Armco 
Armco 


Mild steel 
Mita steel 
Mild steel 
| Mild steel 


S.A.E. No. 2330 


20 % chromium 
20 % chromium 


18-8 
18-8 


Monel 
Monel 


Herculoy 
Herculoy 


Brass 
Brass 


Alcoa 51S 
Alcoa 51S 
Alcoa 51S 
Alcoa 51S 


Alcoa 2S 
Alcoa 2S 
Alcoa 2S 


| Dowmetal 
| Dowmetal 


Armco 
Armco 
Armco 
Armco 


Armco 
Armco 
Armco 


Herculoy 
Herculoy 
Herculoy 
Herculoy 


Herculoy 
Herculoy 
| Herculoy 
| Herculoy 


Herculoy 
Herculoy 
Herculoy 
Herculoy 
Herculoy 
Herculoy 
Herculoy 
Zinc 

Zinc 


Aluminum 
Aluminum 


Aluminum 
Aluminum 


Treatment 


Rolled 
Annealed 


Cold drawn 

Spheroidized 

nnealed 


Rolled 


Rolled 
Annealed 


Rolled 
Annealed 


Cold drawn 
Annealed 


Cold drawn 
Annealed 


Cold finished 
Annealed 


Cold finished 
Quenched 
Precipitated 
Annealed 


Cold finished 
Annealed at 600 F. 
Annealed at 1100 F. 


Extruded 
Heat treated 


of Im- 


pression, mm. 


Diameter 


nn un ann wn 


Calculated or Nor-| 


1650 | 


1660 


mal Load, kg. 


Increase in Load, 


C 


an 2. 


Type of Impres- 


sion 


> 


RIABLE IMPRESSION DIAMETERS 


Rolled 
Rolled 
Rolled 
Rolled 


Annealed 
Annealed 
Annealed 


Cold drawn 
Cold drawn 
Cold drawn 
Cold drawn 


Annealed at 800 C. 
Annealed at 800 C. 
Annealed at 800 C. 


Annealed at 800 C. _ 
VARIABLE _ANNEALING TEMPERATURES 


Annealed at 300 C. 
Annealed at 450 C. 
Annealed at 500 C. 
Annealed at 550 C. 
Annealed at 600 C. 
Annealed at 700 C. 
Annealed at 800 C. 
Rolled 

Annealed 


Cold finished 
Annealed at 800 F. 


Cold finished 
Annealed at 800 F. 


7.20) 
5.20 
3.60 
2.55 


7.30) 
5.15 
3 65) 


5 40) 
5.00 
3 80) 


| 5.85) 
5.10 
3.90) 
2.50 


2.70 


5.05 


958 


440 | 


4720 
2050 
907 


5590 
4760 
2660 
1260 


2560 | 


1835 


952 | 
_320 


4550 
2185 | 


4720 { - 


coos eso 


eco 


E 


» mm. 


face Level, mm. 


SS Rise Above Sur- 
= 


ASA 


o 
wn 


&SSs §$ 


= 


85 


— 


* 10-mm. diameter cylinder substituted for 10-mm. diameter ball. 


b Meyer constants: Series No. $29, a = 29.7, m = 1.99; Series No. $30, a = 12.3,n = 2.28 


Column A—Diameter of hardness impression as measured in the usual way with a low Sai 
Column B—Calculated load required to produce given diameter of impression in normal, solid hardness specimen (Eq. } 


Column C—Per cent increase in actual load applied over the calculated load. 


Column D—See discussion on pp. 126 and 132. 
Column E—Maximum elevation of metal over the surface level at the edge of the indentation. 
Column F—Distance below the surface to the first straight horizontal line, as estimated with a straight edge. 


by the short vertical lines on the curves op 


site. 


Column G—Meyer coefficient of strain-hardenability (see Eq. 1). 
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wer microscope. 


Penetration 


o oo} 


ooo moco 


coco 


nw 
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Meyer Hardness @ 


| 


w 


Denoted 


/Oper cent Reduction in Height 


| 
Specimen Series Alloy 
No. $2 || 050 | + 
No. 8.......| No. S3 10) 4150 | + 2.14 
No. 9.......] No. S4 10| 3270 | — 2.14 
Ne. 10......| Ma SS 10; 4450 | — 217 
No. 11......| Ne. & 00; 2510 | + 2 26 
No 12......| No S? | - 10 
No. 13......| No. S8 5560 | + 2.17 
(No. 1§......| No. $10 5000 | + 2 34 
No. 16......| No. || 3490 | 237 
| 
 No.17......| No. $12 1650 | 4 2 16 
No. 20......| No. S14 00! 4760 | 
No. 24......| No. S15 | 183s | + | ‘4 
No. 33......] No. $16 00, 2660 | - 
| 
No. 35......| No. $18 1240 | - 
No. 36......| No. $19 5.15) 1625 |+1 
No. 37......| No. $20 5.20) 2445 | +4 
No, 38......| No. $21 5.20, 645 | +8 
No. 39......| No. §22 5.15) 720) 
No. 40......] No. $23 5.25, 535 | 4 
No. 41.......| No. $24 5.25; 520 } 
No. 42......] No. $25 5.20| + 
No. 43......' No. $26 Td i 49 
No. 1.......| No. Sl 2.25 
2.25 
No. 4.......] No. St 2.25 
No. 6.......| No. $2 5| 7 2.39 
é No. 19......| No. $14 2.15 
: al No. 20......| No. $14 2.15 
No. 21......| No. $14 I 2.15 
No. 22......| No. $14 2.15 
No. 23......| No. S15 5 12 2.44 
No. 24......| No. S1§ » 110 244 
rig 24 
No, 26......! No. S15 | 2.44 
5 00) 3400 | —1 2 9/65) 217 
15| 3190 | +3 3 7.0 | 2.22 
10| 2720 | —0.1 7 | 7.5 | 2.26 
1930 | +1.3 9.5 | 2.38 
No. 24......] No. $15 1835 | +65 » 110.5} 244 | 
No. 44......| No. $27 10) 550 | 5) 8.5 | 2.27 
No. 45......| No. $28 10} 530 | +8.9 518.5 | 2.29 
No. 49 | Boas! 6 
No. 49 6 
/ 
/ 
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Per cent Compression at Various Depths Below the Surface a 


Armco-Constant Impression Diameter 


Armco A-Variable Impression Diameter 


2 / 
L 
6 
Mild Stee/ — 
| 
9 | 1] 
| 
| SAE No.2330 
3 20 % Cr B 5 Herculoy A -Variable /mpression ter 
T 
— 5 = 
+; | /8%Cr-8%N | + i 
2} 15 5 2/ q 
16 T 
O 3 Herculoy 8 
| Mone/ | 23 
T 
4 
Hi 
weer 20 Herculoy - Variable Annealing Temperature 
28 
& | Brass 1 
30 
35 
8 24 
36 
38 
Q 
Alcoa 2S 
Aluminum -!0mm Cylinder Tests 
46 
40 47 
8 W Aluminum -/0 mm. Ball Tests 
48 
42 
it 49 
/ 2 34567890 20 3040 / 2 345678910 20 304050 


Number of Spaces Below the Surface 


fach Space =0.25mm 


| 
39 
14 | | 
14 
17 | 
26 7 | 
17 : 
26 | 
37 

16 
26 
2.15 
4 

2.12 | 
2.42 
2.10 
2.16 
2.13 
2.20 | 
2 01 | 
2 23 
2.20 
244 | 
249 | 

2.25 | | 
2.25 
2.25 
2.25 | 
28 
| 2.39 
2.389 
| 

| 
(Eq. 1): 


- 


Compression 


4 


Fic. 7.—Ruled Cross-Section of Specimen No. 20, Cold-Drawn Herculoy (X 10). 


The insert represents directions of stresses and intensities of permanent strains. 
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Fic, 8.—Ruled Cross-Section of Specimen No. 24, Herculoy Annealed at 800 C. 


The insert represents directions of stresses and intensities of permanent strains. 
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10 mm. in diameter, the axis of the 
cylinder being normal to the ruled sur- 
face. The edge of the impression in 
specimen No. 47 was so highly curved 
and depressed that it was classified as 
type D. 

Although only specimens Nos. 20, 
22, 24, and 26 were analyzed for stress 
conditions under the ball, the curves 
opposite Table III, together with the 
data in columns D, E, and F, give some 
evidence of the characteristics of all 
of the impressions. The abscissas of 
these curves are the number of ruled 


146 
7 154 | 
532 132 | 
522 110 | 
5 520 094 | 

520 083 

517 | 072 

| 512 058 
044 

( 510 037 
507 5 | 0 026 


1 
2 
3 
4 
5 
6 
7 
8 
9 
0 
1 


Cine A—Parallelogram numbers, from top to bottom of streamline C. 


Columns B, C. D—See Figs. 5 and 8. 
Columns E, F—See Eqs. 8 and 9. 
Column H 


Column L—Calculated from Eq. 10. 
Column N—Calculated from Eq. 7 


divisions (spaced 0.25 mm. apart) below 
the surface of the specimen in the direc- 
tion of the applied force, starting from 
the initial point of contact of the ball 
on the untested metal surface. The 
abscissas are plotted logarithmically in 
order to facilitate comparison of the 
more drastic deformations directly under 
the bail. The ordinates represent the 
reduction in height of each original 
rectangle, plotted to the scale indicated 
on the diagram. 

This method of plotting reduced the 
sensitivity of the curves in the region 
far below the surface where the plastic 


0 014 0 026 


Vertical distance from the top scratch to the bottom of the parallelogram. 
Columns I, J, K—-Slopes of the E versus H, F versus H, and G versus H curves. 
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deformations diminish to zero. How- 
ever, in column F of Table III the 
depths of penetration are given as the 
distance below the surface to the first 
perfectly straight horizontal line. This 
determination was made with a steel 
straight edge placed on the photo- 
graphs enlarged ten times, and although 
the change from a curved to a straight 
line is naturally very gradual, the same 
criterion of straightness was used in all 
cases, so the values given are reliable in 
a comparative way, and within absolute 
limits of +0.5 mm. It should be noted 


TABLE IV.—CALCULATION OF DIRECTIONS AND INTENSITIES OF PLASTIC STRAINS ALONG 
STREAMLINE C OF SPECIMEN No. 24. 


—d tand|_ 
ds 


co 


2.00 


1 02 
0.78 | 
0.56 
0.54 


0.40 

0.32 | 

0 20 0.40 | 
} 


that the impression diameters are ap- 
proximately 5.1 mm. (5.0 to 5.25 mm.) 
except in those cases where the size of 
impression was purposely varied. No 
correction was applied to the various 
impression characteristics to compensate 
for this variation in diameter. In most 
cases the correction would be very 
small. 

Specimens of cold-drawn and annealed 
Herculoy, specimens Nos. 20, 22, 24, 
and 26, were selected for more detailed 
analysis of plastic stresses and strains. 
Photographs, enlarged ten times, of the 
cross-sections of specimens Nos. 20 and 
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24 are shown in Figs. 7 and 8. The 
deformed squares were measured from 
the original specimen projected at 100 
magnifications on the ground glass of a 
metallurgical microscope. These data 
were analyzed by the method reported 
in detail by Siebel," a very brief account 
of which follows. 

When an object is to be subjected to 
compressive and shear stresses, it may 
be split along a plane of symmetry 
without appreciably altering the stress 
conditions. This plane may be marked 
in such a way that subsequently pro- 
duced plastic deformations will be meas- 
urable and subject to analytical treat- 
ment. Siebel’s analyses are simplified 
by the assumption that the maximum 
shear theory governs elastic breakdown, 
and that the shear stress required for 


plastic flow is constant and equal to 
one-half the difference of the largest and 
smallest principal stresses, independent 
of the third principal stress. It has 
been shown that the maximum possible 
error due to this latter assumption is 
less than 15 per cent. The usual as- 
sumption is made that the volume 
change during plastic deformation is 
negligible. 

Deformations in three directions at 
right angles are represented by the rela- 
tions: 


go: = log, (4) 
To 

= log, (5) 
Yo 

$3; = log, (6) 


_ HE. Siebel, “The Plastic Forming of Metals,” Steel, 
Vols. 93 and 94 (Eighteen installments from October 16, 
1933 to May 7, 1934). 
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(2 + — 4- sin? 
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where 7p is the radius of a sphere which | 
may be imagined to be inscribed in a 
small cube of the metal before dle 
mation, and 7, and rz are the prin- 
ciple radii of the inscribed ellipsoid 
resulting from permanent deformation of — 
the sphere and cube. - 
If the axes of symmetry of the cube 
do not coincide with the principal 
stress directions, there will be shear defor- 
mations in addition to the tensile or 
compressive deformations of Eqs. 4, 5 
and 6. In this case the axes of the 
ellipsoid will be inclined and unequal © 
to the corresponding lengths of the 
resulting parallelopiped. A plane sec- 
tion of such an ellipsoid inscribed in the | 
deformed cube is shown in Fig. 5. 
The length of the axis of greatest com- 
pressive deformation is given in Eq. 7. 


The cross-sections represented in Figs. | 
7 and 8 contained squares 0.50 mm. on 
a side before deformation. After defor- 
mation under the Brinell ball, certain’ 
vertical columns were designated as_ 
streamlines A to G, and detailed meas- 
urements were taken at 100 magnifica- 
tions of all parallelograms in each — 
streamline. The black parallelogram of d 
Fig. 8 is C1, and those below it are 
C2, C3, etc. (The half space nearest 
the surface was not measured because _ 
it was not spaced at exactly 0.25 mm., — 
and because the deformations near the 
surface were not homogeneous within a 
given parallelogram, especially in the 
region near the edge of the impression.) 
The directions of the principle com- 
pressive stresses were calculated for 
each parallelogram according to the 
method used by Siebel for analysis of 
wire drawing and extruding processes. — 
Lengths / and 6 (see Figs. 5 and 8) 
and the average angles 6 for streamline 
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C of Fig. 8 are given in Table IV. 
Using the following equations for ex- 
pressing deformations: 


go: = log, (8) 
b 
= log, (9) 


and ¢, were calculated and plotted 


against s. Values of tan 6 were also 
plotted against s. Columns I, J, and 
K in Table IV are the slopes of these 
curves. The angle, a, was then cal- 
culated according to the following equa- 
tion developed by Siebel and Huhne 
and given as Eq. 71 in Siebel’s paper: 


wt 


d tan 6 


tan 2a = ds 
dd, 


ds ds 


— tan 6. (10) 


where a is the angle which a principal 
direction of deformation makes with a 
streamline. These angles were plotted 
as short lines on a photograph of the 
cross-section, and the trajectories of 
deformation approximated from them 
as indicated in Fig. 6. Examination of 
Figs. 7 and 8 will indicate that much 
smaller squares would be necessary for 
an exact determination of stress direc- 
tions in the region of high shear near 
the rim of the impression. Further- 
more, it is believed that certain frictional 
effects at the surface may be responsible 
for a few unsatisfactory determinations 
of @ in the first layer, and the trajec- 
tories were, in such cases, drawn per- 
pendicular to the surface contour of 
the impression. 

The directions of the stresses causing 
plastic deformation must coincide with 
the deformations; therefore, the com- 
pression lines of Fig. 6 and those at the 


E. Siebel, “The Plastic Forming of Metals,” Steel, 
Vol. 94, p. 25 (1934). 


left in Figs. 7 and 8 give an indication 
of the stress conditions under the ball 
during deformation. One set of prin- 
cipal shear lines is drawn in at the right 
of Figs. 7 and 8. 

The cross lines at the left of Figs. 7 
and 8 are the loci of points of equal 
strain, as determined by re values. The 
cross lines at the right of Figs. 7 and 8 
are loci of points of equal shear angles, 6. 


DiscUSSION OF DATA 
Surface iffects: 

Several observations and analyses 
have been made of surface characteristics 
of Brinell impressions. It has been 
noted, for example, that soft annealed 
metals usually have “sinking-in” type 
impressions, and that cold-worked and 
hardened alloys tend to have sharp or 
ridging type impressions. Ichihara” 
and Krupkowski® made accurate meas- 
urements of the surfaces of typical types 
of impressions, and have derived equa- 
tions for expressing the boundary curves. 
Norbury and Samuel" have shown that 
the extent of ridging or sinking-in is 
closely related to the work-hardening 
capacity as expressed by the Meyer n 
coefficient. The present experiments 
verify the fact that increasing elevation 
of the impression over the original sur- 
face accompanies decreasing values of 
Meyer n. In the Herculoy series, 
specimens Nos. 27 to 32, the change 
from a ridging to a sinking type of im- 
pression occurred upon annealing at 
550 C. and higher temperatures. In a 
similar series of 30 per cent zinc brasses 
(not reported in detail here), the change 
occurred after annealing at 350C. The 
n value is approximately 2.25 in both 


3M. Ichihara, “A Contribution to Brinell Ball Hard 
ness Tests,” Technical Reports, Tohoku Imperial Un 
versity, Vol. 10, p. 25 (1931). 

4A. L. Norbury and T. Samuel, “The Recovery and 
Sinking-In or Piling-Up of Material in the Brinell Test 
and the Effects of These Factors on the Correlation of the 
Brinell with Certain Other Hardness Tests,” Journa, 
Iron and Steel Inst., Vol. 117, p. 673 (1928). 
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Fic. 9.—Showing the Relationships Between Penetration or Depth of Measurable Permanent 
Distortion, Rise Above the Surface, and Meyer n Coefficient for Cold-Drawn Herculoy 
eS Annealed at Various Temperatures. 
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Diometer of Impression mm 
Test, Ftc. 10.—-Showing the Relationship Between Penetration or Depth of Measurable Permanent 


Distortion, and the Diameter of the Impression. 
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cases. Norbury and Samuel’s data indi- 
cate a change from ridging to sinking-in 
_ type impressions at n = 2.29. Thus, 
_ observation of the contour of the impres- 
~ sion is of some value as an indication of 
_ the annealing temperature, or in other 
cases the amount of cold reduction, pro- 
vided we know the characteristics of a 
given alloy after a given series of treat- 
ments. The data for the Herculoy 
annealing series is plotted in Fig. 9. 
The slope of the “rise” versus n line dif- 
fers somewhat from the relationship 
_ found by Norbury and Samuel, probably 

_ because their criterion of “rise” differs 
from that used here. 

If all the “rise” versus n relationships 
of Table III are plotted, it will be found 
that individual points may deviate con- 
siderably from the line of Fig. 9, but 
that the general trend is unmistakably 
in the same direction as the line. This 
will be found true of many of the possible 
relationships which could be plotted from 
the data of Tables II and III, and is 
_ probably to be expected considering the 
diversity of alloys and treatments in- 
cluded. 


y Penetration Effects and Thickness Re- 
quirements : 


In the case of annealed Herculoy, the 
penetration or measurable depth of 
visible distortion increased lineally with 
the Meyer n coefficient. It is apparent 
from Fig. 9 that the depth ef distortion 
in an annealed alloy may easily be twice 
as great as in a cold-worked alloy of the 
same composition. This is, of course, on 
the basis of equal impression diameters. 

Data on the variation of penetration 
with size of impression is plotted in 
Fig. 10. The visible distortion varies 
lineally with the impression diameter for 
the metals tested. It is apparent that 
_ the rate of increase of penetration with 

_ diameter of impression is much greater 
for the annealed alloys than for the 
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rolled or cold-drawn alloys of the same 
composition. 

Considering the data summarized in 
Figs. 9 and 10, it is apparent that no 
simple limitation should be set up for 
minimum required thickness of hardness 
test specimens, since the depth of per- 
manent deformation varies considerably 
with the work-hardenability. Although 
it is not claimed that the minimum thick- 
ness should equal the depth of penetra- 
tion as described here, it seems reason- 
able to assume that the thicknesses 
should vary approximately as the pene- 
tration readings vary. 

It is interesting to compare the results 
of direct determinations of minimum 
sample thickness with the above penetra- 
tion values. Yamanouti" calculated 
stress distributions within Brinell test 
specimens and arrived at a ratio of six 
for thickness of specimen to depth of 
impression. Assuming a perfectly 
spherical impression, the depth corre- 
sponding to 5.1 mm. diameter is 0.7 mm., 
and the limiting thickness of specimen 
would be 4.2 mm. using Yamanouti’s 
factor. This is less than any of the 
penetration values reported in Table III 
for comparable impression diameters. 

Templin" made direct tests of required 
thickness for wrought aluminum alloys, 
and concluded that for the softer alloys 
the specimen thickness need be little 
more than twice the depth of the im- 
pression, and for the harder alloys no 
more than five times the depth. Ona 
5.1-mm. diameter basis, the specimen 
thicknesses would be 1.4 and 3.5 mm., 
even smaller than recommended by 
Yamanouti. 

Hankins and Aldous!’ made tests on 


1% H. Yamanouti, “Relation of the Size of the Test 
Specimens on the Brinell Hardness of Metals,” Journal, 
Soc. Mechanical Engrs. Fopanesn. Vol. 36, p. S86 (1933). 

16R. L. Templin, “The Hardness Testing of Light 
Metals and Alloys,” Proceedings, Am. Soc. Testing Mats., 
Vol. 35, Part II, p. 283 (1935). : : 

17 G. A. Hankins and C. W. Aldous, “Minimum Dimen- 
sions of Test Samples for Brinell and Diamond Pyramid 
Hardness Tests,” Journal, Inst. Metals (British), Vol. 54, 
p. 59 (1934). 
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e copper, mild steel, and spring steels in 

various conditions and report required 
in thickness ratios of 6 to 25. They indi- 
10 cate that the thickness ratio should vary 
or with the material. However, the varia- 
SS tions are not in the order which would be 
T- predicted from the present experiments. 
ly Kenyon'* made direct determinations 
gh of the required thickness of sheet metals 


k- for Rockwell hardness, “B”’ scale, tests. 


ra- The smallest allowable thickness ratio 

m- reported was 6. 

SeS The A.S.T.M. standard method for 

1e- Brinell hardness testing’? requires a 
thickness ratio of 10, or a specimen 7.0 

Its mm. thick in the case of a 5.1-mm. di- 

1m ameter impression. Although this ratio 

ra- is undoubtedly adequate for most mate- 

ted rials, it might be advisable to vary the 

est minimum required thickness with the 

six character of the impression. 

of 

tly Mechanism of Plastic Deformation: 

ros Three independent investigations have 

aa established the fact that the Meyer n 


coefficient of strain-hardenability is 


the closely related to the curvature of ordi- 
Ill nary tensile or compressive stress-strain 
curves in the region of plastic deforma- 
‘red tion,?°. 22 Kokado”® and Schwarz” ex- 
oys press the plastic stress-strain relation- 
. 
im- 
1 
yn a l — 
s = em = (constant) - e™ 
men a 
nm., which bears a close resemblance to Eq. 1. 
by 
*R. L. Kenyon, “Effect of Thickness on the Accuracy 
of Rockwell Hardness Tests on Thin Sheets,” Proceedings, 
s on . Soc. Testing Mats., Vol. 34, Part II, p. 229 (1934). 
Standard Methods of Brinell Hardness Testing of 
Metallic Materials, (E 10-27), 1936 Book of A.S.T.M. 
e Test Standards, Part LP. 817. 
ournal, *S. Kokado, “Hardness and Hardness Measurement,” 
933). Technology Reports, Tohoku Imperial University, Vol. 6, 
ight p. ). 
Ludwik, “Die Bedeutung des Gleit-und Reiss- 
. widerstandes fiir die Werkstoffpriifung,” Zeitschrift des 
Dimen- ereines deutscher Ingenieure, Vol. 71, p. 1532 (1927). 
'yrami Schwarz, “Zugfestigkeit und Harte bei Metallen,” 
Jol. 54, Zeitschrift des Vereines deutscher Ingenieure, Vol. 73, 


p. 792 (1929). 


Figs. 7 and 8. 


The exponent 2 is the slope of the line © 


obtained when stress s and strain e are 
plotted on logarithmic coordinates. — 
This exponent was proved to bear a — 
simple relationship to the corresponding 
hardness exponent n through the 
equation: 


n= A1+ (12), 


These relationships were found to hold — 
more exactly for deformations somewhat 
beyond the early stages of plasticity. 

Montini* made a mathematical study 
of stress conditions at the surface of 4 
Brinell impression. Kokado and Yama- 
nouti used Eq. 11 and certain other 
assumptions to calculate stress distribu- 
tions and intensities below the surface. 
Their results do not agree entirely with | 
the stress conditions represented in 
For example, according 
to their analysis the maximum strain is 
immediately below the ball, whereas the — 
deformation curves opposite Table IIT 
indicate that the maximum plastic com- 
pression occurs well below the surface. — 
It appears that the corresponding elastic 
condition established before permanent 
deformation begins is maintained to this 
extent during plastic deformation. 

The superimposed impression contours 
of Fig. 6 illustrate the remarkable dif- 
ference in the nature of ordinary Brinell 
impressions, a fact which may not be 
generally appreciated. The depth of 
visible distortion for specimen No. 20 is 
indicated at p, while the corresponding 
depth for specimen No. 24 is nearly twice 
as great. It is quite clear that the an- 
nealed metal has undergone very drastic 
deformation at much greater depths than 
has the cold-drawn metal. Further- 
more, this deformation is largely due to 


%C. Montini, “‘Difetti della forma sferica e vantaggi di 
quella piramidale nella prova di durezza Brinell,” La 
Metallurgia Italiana, Vol. 26, p. 172 (1934). 
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shearing action, as evidenced by the 
extreme depth at which 6 = 1 deg. in 
Fig. 8. The direction of maximum 
shear is apparently almost vertical along 
streamline D, as though a column some- 
what smaller in diameter than the im- 
pression itself had been pressed into the 
block. It will be recalled that the re 
deformations calculated by Eq. 7 are 
produced by combined shearing and 
compressive stresses. The peculiar 
shapes of the re contours of Fig. 8 are 
_ due to high shearing deformations super- 
_ imposed on the compressions. 
In the case of the cold-worked speci- 
men of Fig. 7, the underlying shearing 
deformations are much smaller, while the 
compressive deformations near the sur- 
face are higher. The dotted line of Fig. 7 
represents values of re = 2.0 mm. 
(d2 = —0.097, see Eq. 5). These are 
higher deformations than found at any 
point in Fig. 8 and are produced almost 
entirely by direct compression. The 
high primary compression in this region 
is, of course, responsible for the lateral 
flow which produced the ridge at the 
contact surface. 

The stress trajectories of specimens 
Nos. 22 and 26 were determined and 
gave essentially the same results as ob- 
tained for specimens Nos. 20 and 24. 
- However, relatively few squares were 


Effect of Shear and Compressive Strengths 
on Hardness Characteristics: 


stages, S. C. Hollister, formerly of Pur- 
due University, suggested that the 


appearance of Brinell impressions might 
_ be found in the relative strengths of the 
metals under shear and compressive 
loads. Accordingly, torsion and com- 
_ pression tests were made of most of the 


a6 


HEYER ON ANALYSIS OF BRINELL HARDNESS TEST 


alloys tested (see Table II). 


Compara- 
tive ratios of S,/S- were determined at 
the proportional limits and at values of 
Aee = 0.05, 0.1, 0.2, and 0.3 per cent. 
The proportional limit ratios were not 
significant in relationship to any of the 


hardness factors. The yield-strength 
ratios became quite constant for a given 
series at 0.1 per cent set and higher. 
The 0.1 and 0.2 per cent yield strength 
ratios are reported in Table II, columns 
J and K. Analysis of these data indi- 
cates a relatively high S,/S, ratio for 
the high ridging types of alloys, indicat- 
ing that these alloys are relatively strong 
in shear, or that they tend to deform by 
compressive action in preference to shear. 
The alloys with sinking-in characteristics 
are correspondingly weak in shear and 
tend to deform by shearing action deep 
below the surface. 

The average value of S./S, at 0.1 per 
cent set is 0.85 for eight alloys which 


were definitely work-hardened by rolling’ 


or cold drawing. These alloys are char- 
acterized by type A or ridging impres- 
sions, by low n values, and by shallow 
penetrations. The corresponding aver- 
age for these same alloys in the annealed 
state is 0.69. In this condition all of the 
alloys have type B or C impressions, 
higher n values, and deeper penetrations. 

The above averages do not include 
18 per cent chromium, 8 per cent nickel 
alloy, which has a remarkably high n 
value of 2.34 in the hot-rolled condition, 
and has yield strength ratios of 0.75 and 
0.78 in the rolled and annealed conditions 
respectively. Although strength 
values were greatly reduced by anneal- 
ing, the n coefficient was increased only 
slightly. Furthermore, curves for speci- 
mens Nos. 15 and 16 opposite Table III 
show that the soft annealed 18-8 speci- 
men underwent greater deformations 
than the rolled metal at all distances 
below the surface. Usually the rolled 
or cold-worked metal attained a higher 
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deformation than the annealed metal at 
some distance below the surface, and 
then decreased more rapidly at greater 
distances below the surface. 

The following summary, which in- 
cludes all the tests for which yield 
strength data are available, gives further 
evidence of the general relationship of 
S./S. to the type of impression: 


Type A _ (12. specimens): S,/S, = 0.81 
average and ().66 to 1.08 range 

Type B (8 specimens): S,/S, = 0.74 aver- 
age and 0.51 to 0.83 range 

Type C (6 specimens): S,/S. = 0.59 aver- 
age and 0.34 to 0.78 range 


The monel, Herculoy, and brass series 
show the greatest relative strengths in 
shear in the worked condition, the S,/S, 
ratios being greater than unity for the 
two copper alloys. Both Dowmetal 
series add confirmatory evidence to the 
relative strength theory. The heat 
treatment used produced some homo- 
genization of the microstructure but did 
not change the physical properties ap- 
preciably. Both series show marked 
sinking-in characteristics accompanied 
by a remarkably low S,./S, ratio. 

On the other hand, the cold-finished 
aluminum alloys have the most marked 
ridging characteristics without a cor- 
respondingly high S,/S, ratio. Thus it 
is possible that a relatively high shearing 
yield strength is a major contributing 
factor in producing ridging, but that 
other properties are also involved. As 
already indicated, the Meyer n coeffi- 
cient of work-hardenability is definitely 
related to the surface conditions observed 
at Brinell impressions. 

It is evident that more extensive tests 
covering many related conditions of heat 
and mechanical treatment should be 
carried out for each type of alloy to 
evaluate further the factors contributing 
to the complicated hardness test. It is 
suggested that, where possible, the tor- 
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sional tests be made on hollow cylindrical 
specimens and that both the torsion and 
compression tests be carried to high 
deformations in order to evaluate the 
rates at which the alloys strain harden 
under compressive and shearing condi- 
tions. The ordinary conditions of elastic 
failure might then be extended well into 
the plastic region. Nadai and Davis™ 
have very recently reported fundamental 
work along this line which should lead 
to many interesting applications. 

It is the author’s opinion that when- 
ever plastic behavior is studied in form- 
ing operations, in testing of materials, 
or at points of stress concentration in 
structural or machine parts, the relative 
shear and tensile (or compressive) prop- 
erties should be considered for their influ- 
ence on the general character of the 
deformation. 

The deformation curves for specimens 
Nos. 46 and 47 opposite Table III may 
be compared with the curves for speci- 
mens Nos. 48 and 49. It is apparent 
that the cylinder produces less surface 
compression but deeper underlying ef- 
fects than a ball of the same diameter. 
It is undoubtedly true that the plane 
stress conditions used in photoelastic 
tests only approximate the true condi- 
tions under a sphere. 

While the subject of correlation of 
hardness values with ultimate strength, 
percentage elongation, and similar prop- 
erties was not considered in detail here, 
it was found that the relationship 
between Meyer a versus S,, the yield 
strength in shear, was somewhat better 
than the a versus S, relationship, but not 
sufficiently close to warrant the use of 
the hardness value as a substitute for 
the compressive or tensile value. A con- 
siderable amount of information of this 
type is available in work by Schwarz,” 


24A. Nadai and E. A. Davis, “Plastic Behavior of 
Metals in the Strain-Hardening Range,” Journal of 
Applied Physics, Vol. 8, p. 205 (1937). 
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Townsend,” Rosenhain,® and others, 
and in O’Neill’s book.” 


SUMMARY AND CONCLUSIONS 


1. The maximum compressive defor- 
mations occurred somewhat below the 
surface of the impressions rather than 
at the surface. 

2. The maximum shearing deforma- 
tions in silicon bronze specimens occurred 
along a cylindrical surface whose axis 
coincides with the direction of loading, 
and whose diameter is approximately 
0.7 times the diameter of the impression. 

3. The sinking-in types of hardness 
impressions are produced by relatively 
large underlying shear deformations. 
The ridging types of impressions are 
produced by relatively large surface 
compressions. 

4. In most cases, the sinking-in types 
of impressions were associated with rela- 
tive weakness in shear, as measured by 
the ratio of shear to compressive yield 
strength. The ridging types of impres- 
sions were associated with a high ratio 
of shear to compressive yield strength. 

5. The alloy 18 per cent chromium, 
8 per cent nickel was found to have an 
unusually high work-hardenability in the 
hot-rolled state, a strong tendency to- 
wards sinking-in type impressions, and 
other distinguishing characteristics. 

6. The aluminum alloys, which tended 
to have ridging type impressions and 
low Meyer n coefficients, showed the 
poorest conformity to the general con- 
clusion stated in item 4. 

7. Dowmetal A was found to have an 
extremely low S;/S. ratio, a very high 
Meyer n coefficient, and a pronounced 
sinking-in type of impression, conform- 
ing to the general conclusion stated in 
item 4. 

8. The copper-base alloys had very 


2% J. R. Townsend, “Relation of Hardness of Non- 
Ferrous Metals to Strength. and Workability,” Metal 
Progress, Vol. 26, p. 35 (1934). 

Rosenhain, “Brinell Hardness and Tensile 
Strength,” Metallurgist, Vol. 7, p. 83 (1931). 


high S,/S, ratios in the cold-worked 
state, and conformed strictly to the 
proposed explanation of impression char- 
acteristics. 

9. Direct measurements of plastic 
deformation in thick hardness test speci- 
mens indicated that permanent distor- 
tion occurred at a depth greater than 
some of the minimum thicknesses of 
hardness test specimens recommended in 
the past. It is possible that the prac- 
tical effects of such underlying distortions 
on the measurements of the impression 
are negligible. However, if accurate 
requirements for minimum specimen 
thickness are to be set up, the type of 
impression (sinking or ridging) should 
be considered. 

10. It was shown that the depth of 
visible distortion increased, and the rise 
of metal above the original surface 
decreased, as the Meyer n coefficient 
was increased by annealing cold-drawn 
Herculoy at progressively higher tem- 
peratures. These relationships are ca- 
pable of rather general application. 

11. The change from .a ridging to a 
sinking type of impression occurs at 
about n = 2.25 to 2.30. 

12. The increase of depth of penetra- 
tion with impression diameter was 
studied for Armco ingot iron and Hercu- 
loy. The rate of increase for the an- 
nealed state was nearly twice as great 
as for the unannealed state, which intro- 
duces another variable in determining 
minimum thicknesses of hardness test 
specimens. 

13. The plastic deformations pro- 
duced under a cylindrical indentor (load 
applied normal to the axis of the cylin- 
der) indicated higher shearing stresses 
and deeper penetrations than occur 
under a ball. 

14. A method was proposed for ex- 
pressing a shear yield strength having an 
arbitrary but logical relationship to the 
tensile or compressive yield strength. 
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Mr. R. L. Tempiin.'—The author has 
referred to some work previously reported 
before this Society.2- It may be well to 
point out the probable reason why 
satisfactory Brinell hardness tests can 
be made on much thinner specimens 
than the author’s rather involved analy- 
sis would indicate, in the case of some 
of the light metals and alloys. In the 
present paper, the specimens are of such 
thickness that the so-called “anvil” 
effect apparently does not come into 
play. All of the commercial Brinell 
testing machines use steel anvils for 
supporting the specimen. In the case 
of the light metals and alloys, using the 
thinner specimens, we undoubtedly get 
anvil effects, which as the author has 
suggested may be compensating, with the 
result that much thinner specimens than 
his analysis indicates, can be tested 
satisfactorily. 

It is rather difficult to indicate just 
what all of the factors are which enter 
into the anvil effect. Even though 
they could be specifically enumerated, 
there would yet remain the question of 
individual quantitative effects. One of 
the factors would appear to be the 
coefficient of friction between the speci- 
men and the anvil. Perhaps another is 
the moduli of elasticity of both the anvil 
and the specimen. Certainly we know 
that the coefficient of friction existing 
between the light metals and alloys and 
steel is relatively high, and thus in all 


1Chief Engineer of Tests, 
America, New Kensington, Pa 

| ty = Templin, “lhe Hardness Testing of Light 
Metals and Alloys,’”’ Proceedings, Am. Soc. Testing Mats., 
Vol. 35, Part Il, p. 283 (1935). 


Aluminum Company of 


probability, excessive distortion is pre- 
vented with the result that there is 
little, if any, measurable change in the 
Brinell hardness values when relatively 
thin specimens are tested. 

Mr. V. E. Lysacut.*—I was _par- 
ticularly interested in the conclusion 
by the author that direct measurement 
of plastic deformation in thick specimens 
indicated that permanent distortion 
occurred at a depth greater than some 
of the minimum thicknesses of hardness 
test specimens recommended in the 
past. It is possible that the practical 
effect of such underlying distortions on 
the measurements of the impression are 
negligible. 

It has been my experience that there 
is a tendency to test with a given load 
thinner material than should be tested, 
especially when equipment with lighter 
loads and equal sensitivity are available 
and are far more suitable and give more 
accurate results. 

Mr. M. GensAMeR.*~—There is one 
other factor which nobody has men- 
tioned which I think should be men- 
tioned, and that is the rate of work 
hardening of the material, for the effects 
known as “sinking-in” and “‘piling-up” 
are best explained on this basis. 

Mr. H. A. Scuwartz® (by letter).— 
Since the material indented by the 
Brinell ball is severely cold worked it 
must be harder than in its original 
condition. The Brinell number thus 


% Wilson Mechanical Instrument Co., Inc., New York 
City. 
‘ Assistant Professor of Metallurgy, Carnegie Institute 
of Technology, Pittsburgh, Pa 
Manager of Rese earch, National Malleable and Steel 
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measures not the indentation hardness 
of the original material but that of the 
material hardened by the amount of cold 
work accompanying the particular pene- 
tration characteristic of the metal. 

It was desired to gain some idea of the 
degree of hardening occurring under these 
conditions. Samples of ingot iron, 0.12 
per cent carbon steel, 0.95 per cent 
carbon steel and malleable were accord- 
ingly tested by the following method: 


= 
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kg.) to permit this test. The results 
are shown graphically in the accom- 
panying Figs. 1 and 2. 

It is interesting to note that with all 
four materials the unworked material is 
close to 0.6 as hard as by the usual form 
of test. 

Mr. G. K. Drener® (by letter).— 
While there are always numerous criti- 
cisms which might be made on any paper 
in which a variety of claims are set 
forth, we feel that the work is a good 


200 forerunner for a more detailed investiga- 
190 tion of the various points covered either 
180 by Mr. Heyer or previous investigators. 
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ric. 1.—Effect of Strain Hardening During 
Brinell Tests 3000-ke. Pressure. 


The material was first drawn 2 hr. at 
650C. and then tested for Brinell 
number. The heat treatment was re- 
peated and the specimen returned to 
the machine in such a position that the 
ball would center in its old impression 
when the load was reapplied. The 
draw and test were repeated from ten to 
fourteen times, or until no further 
increase in diameter of impression could 
be observed. | 

Ingot and malleable iron are so soft 
that they require a reduced load (1000 


It is our impression that considerably 
more work could be done, and that even 
some deductions might be drawn from 
the present investigation, in relation to 
the actual indentation of the Brinell 
test. Mr. Heyer makes a point of 
illustrating both the upraised impression 
boundary as well as the depressed 
boundary. The reading of these im- 
pressions, particularly those of the 
depressed type, frequently results in 
error. A standard or suitable com- 
pensation for reading this type of im- 
pression should be made. 

Further, in working out relationships 


6 Plant Manager, Ampco Metal, Inc., Milwaukee, Wis. 
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between shear strength and Brinell 
hardness, we feel that every effort should 
be made to specify accurately the 
material, its composition, and its struc- 
ture in order to avoid the frequently 
misused conversion tables now in vogue 
whereby a tensile strength is given as 
approximating a Brinell result or vice 
versa. Much misunderstanding has de- 
veloped along this line when engineers 
have attempted to use this conversion on 
materials other than those upon which 
the original tests were made. 

Mr. L. B. TuckerMAN.’—I wish to 
commend the author on this most 
careful study of the type of deformation 
that takes place in the Brinell indenta- 
tion test. I donot say hardness test. At 
the National Bureau of Standards those 
of us who have to use this test have 
agreed that it is probably better to 
avoid the use of the word “hardness” 
and call it an “indentation test,’ 
because we are not quite sure what is 
being measured. The author has shown 
us that the phenomena involved are 
much too complex to be represented by 
even the two coefficients of the Meyer 
formulation. Although he can say that 
on the average the ridging type of 
impression represents a higher shear 
strength, and on the average the de- 
pressed type of indentation represents a 
lower shearing strength, the ranges of 
the individual values overlap. In his 
type A, .S,/S, gives a value as low as 0.66, 
and in his type C as high as 0.78; so that 
this difference in type of indentation 
involves something more than the 
S,/S. ratio. It would be welcome if 
somebody could find out what were the 
one or two or three or, perhaps, twenty 
other variables entering into the relation 
between the depth of the indentation 
and the load. 

There is still too much of a tendency 


7 Assistant Chief, Division of Mechanics and Sound, 
National Bureau of Standards, Washington, D. C 
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for people to think that there is such a 
thing as “real” or “true” hardness 
according to which all materials can be 
classified in a nice one-dimensional 
series, starting with ““This material is 
the softest,” ‘This material is harder 
than that material,” and so on up to 
“This material is the hardest,” with no 
inconsistencies, overlapping, or reversals 
of order. Those of us who have experi- 
mented with indentation tests, scratch 
tests, abrasion tests, and all the various 
tests by means of which some of the 
properties included under the term 
hardness are measured, know that that 
cannot be done unless the concept of 
hardness is narrowed beyond all recogni- 
tion. It is welcome to find a person 
making careful study of one of these 
tests and learning some of the reasons 
why it cannot be done. 

Mr. R. H. Heyer*.—Mr. Templin’s 
experiments show that aluminum alloys 
may be tested in thinner sections than 
the conditions of plastic deformation in a 
thick specimen would indicate to be 
suitable. On the other hand, Mr. 
Lysaght has pointed out the tendency 
to use specimens that are too thin for a 
given hardness test. The complicated 
conditions of stress and the deep-seated 
deformations observed in the present 
tests are evidence that experimental 
determinations of limiting thicknesses 
should be made for each class of material 
and for each test condition if valid 
results are to be expected. In this way 
only may advantage be taken of the 
compensating factors which sometimes 
permit the use of lighter gage specimens 
than are ordinarily recommended. The 
etching method reported by Kenyon 
(see footnote reference 18 of paper) is 
recommended for this purpose. 

Mr. Schwartz has attempted to meas- 
ure the degree of work hardening 


8 Member, Research Dept., The American Rolling Mill 
Co., Middletown, Ohio. 
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occurring during the hardness test by a 
method involving successive applica- 
tions of cold working and annealing. 
The annealing temperature used was 
high enough to promote recrystallization 
after cold working, therefore the final 
products were metallurgically different 
from the original specimens, which 
greatly reduces the significance of the 
test. By this method a cold-worked 
ingot iron would probably show a 
greater apparent work hardening in the 
hardness test than. a_ corresponding 
annealed iron. The test does not sep- 
arate the effect of previous cold work 
from that produced in the hardness test 
itself, and cannot be compared with the 
determination of the Meyer hardness 
constants as a means of evaluating work- 
hardening capacity. 

Mr. Dreher expresses the need for a 
suitable compensation for readings of 
the depressed type. This implies that 
there is some correct type of hardness 
reading which is independent of the 
surface contour. It has been difficult to 
define any correct hardness in the past, 
and it is probably inadvisable to estab- 
lish a single type of hardness determina- 
tion as a criterion. It may be noted, 
however, that most hardness testers of 
the type which measure the depth of 
penetration use the original surface as a 
reference, disregarding both “piling-up” 
and “‘sinking-in.” 


The author agrees with Mr. Tucker- 
man that there may be twenty other 
variables involved. It now appears 
that the hardness indentation represents 
just as complicated a situation as the 
fracture of the standard round tension 
test specimen. 

Mr. Gensamer stated that “sinking- 
in” and “piling-up” are best explained 
on the basis of the rate of work hardening. 
Reference was made to experimental 
data on this subject by Norbury and 
Samuel (see reference to footnote 14), 
and in Fig. 9 additional evidence was 
presented showing the relationship be- 
tween the Meyer work hardening co- 
efficient and “piling-up” in the hardness 
test. This relationship is, however, 
difficult to explain on the basis of work 
hardening effects alone. Why do metals 
which are not readily work hardened 
during testing (because of prior cold 
working) tend to “pile-up”? around the 
ball? On the basis of the present 
determinations of shear and compressive 
properties it is indicated that in such 
cases the resistance to plastic deforma- 
tion in shear has been built up to a 
larger extent (by the prior cold working) 
than has the resistance to compression; 
therefore, the compressive deformations 
are most prominent in the hardness 
test and cause extrusion of metal around 
the ball at the surface of the impres- 

sion. 
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THE STIFFNESS OR FLEXURE 
MacBripe! 


By H. L. 


TEST 


SYNOPSIS 


Ihe paper discusses the test known as the cantilever bend, stiffness, or 


flexure test for light wire, sheet, and strip of various materials. 


A description 


is given of a stiffness testing machine (the Tour-Marshall tester) and the 


method of testing explained. 


Charts are shown of typical tests on different 


materials and a brief interpretation given, with a comparison of stiffness 
test results with those given by other methods. 


INTRODUCTION 


The stiffness test has a broad field of 
usefulness in comparing the elastic and 
plastic qualities of materials where the 
available specimens are very thin, soft 
or brittle. The difficulties encountered 


in making reliable tension, ductility and | 
hardness tests on such specimens are 


well known, as for example on fine wire, 
thin or soft sheet and strip, thin plastic, 
ceramic, and fibrous compositions. 

Some of the advantages of the method 
of test described in this paper are as 
follows: 

1. Specimens are easily prepared. 
Wires, ribbons, and narrow strips, ordi- 
narily received in coils, are tested without 
straightening and thus introducing vari- 
able amounts of told work. Sheets are 
merely sheared roughly to shape and 
then notched in the manner discussed 
later in this paper. 

The test is consistent in that tests 
on like samples can be depended upon to 
repeat within 1 per cent of the load 
reading. 

3. The test is sensitive in detecting 
small variations in elastic and _ plastic 


qualities. 


1 Research Engineer, Tinius Olsen Testing Machine Co., 


Philadelphia, Pa. 
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4. In many cases the straining action 
of the test closely approximates the 
demands upon the material in service. 
The test is quickly and easily made 
and requires little skill on the part of 
the operator. 


_ DESCRIPTION OF THE STIFFNESS 
TESTING MACHINE 

The instrument used in making the 
tests discussed in this paper was the 
Tour-Marshall motor-driven machine of 
40 in-lb. bending moment capacity, as 
shown in Fig. 1. This machine operates 
on the cantilever-bend principle. Aspec- 
imen is shown clamped in the vise, which 
is turned about a central spindle, either 
by hand, using the crank shown at the 
left, or by motor through gearing. The 
lever for engaging and disengaging the 
motor is just below the hand crank. 
Cantilever bending of the specimen is 
obtained by rotating the vise in a 
counter-clockwise direction, pressing the 
free end of the specimen against the 
under side of the roller pin, shown pro- 
jecting from the dial face. This dial is 
part of the pendulum, which is free to 
swing on ball bearings concentric with 
the rotating vise. Different capacity 
ranges are obtained by placing different 
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weights on the pendulum pin. En- 
graved on the dial face is the angular 
deflection scale, reading from 0 to 90 
deg. The deflection pointer moves with 
the vise, to which it is secured by a fric- 
tion or slip collar, so that adjustment to 
zero can be made at the start of the test 
in the event that the specimen is not ex- 
actly straight. The deflection reading, 
in degrees, is the angle included between 
the original position of the roller bending 
pin, the edge of the vise, which is on 
the center of rotation, and the position 
of the bending pin after load is applied 
and the specimen bent. Load is indi- 
cated on the upper scale, fixed to the 
housing, the graduations on this scale 
being from zero, when the pendulum is 
at rest, to 100 per cent, when the pen- 
dulum has been lifted by the reaction of 
the specimen to a horizontal position. 
The pointer for the load scale is a mark 
engraved on the pendulum dial plate, 
since load depends only upon the angle 
through which the pendulum has been 
deflected from the vertical. Load is, in 
fact, proportional to the sine of this 
angle and the load scale is so graduated 
that the 10 per cent mark is at an angle 
whose sine is 0.10, 40 per cent is at an 
angle whose sine is 0.40, etc. The load 
scale can be shifted slightly before start- 
ing the test to bring its zero in line with 
the pendulum pointer in the event 
that the machine is not quite level. 

A contact light is provided which, 
with metallic specimens, indicates when 
the specimen first touches the bending 
pin. It is useful in obtaining an ac- 
curate zero setting of load and deflec- 
tion at the start of the test and also for 
indicating the point where load is re- 
moved from the specimen when the 
machine is reversed to find the “set 
angle.” 

The motor drive rotates the vise and 
applies load at a slow constant rate, 
an aid in obtaining uniform results on 
certain kinds of material. Vibration of 
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the motor, installed inside the housing 
on a loosely hinged mounting, is utilized 
to minimize friction in the pendulum 
bearings. 


METHOD OF TESTING 


After starting the motor the specimen 
is clamped firmly in the vise with the 
center line approximately parallel to 
the face of the dial plate. Round 
samples should be lined up so that they 
will lie in the hollow face of the bending 
pin roller while being tested. The 
roller should contact flat specimens in 
the center to avoid twisting and to 
equalize any twist existing in the speci- 
ment before bending. If specimens are 
already slightly curved it has been found 
best to place them in the vise convex 
side up, so that the test bend is a con- 
tinuation of the initial bend. Needless 
to say, samples should not be straight- 
ened before testing, unless it is desired 
to determine the effect of such straight- 
ening on the material. 

Using the hand crank the vise is ro- 
tated, bringing the specimen up against 
the under side of the roller bending pin. 
When contact is just made, the light, 
set in the housing to the right of the dial 
plate, will start flickering on and off. 
The deflection pointer is then adjusted 
to indicate zero angle. 

The motor-engaging lever is held down 
until the test is completed, at 90 deg. 
bend, until fracture of the specimen, or 
until the bend angle or load decided upon 
for the test is reached. In the various 
tests charted in this paper, full 90-deg. 
bends were made in order to get a more 
complete picture of the elastic and 
plastic qualities.of the samples, but 
smaller angles of bend may give all 
the information that is necessary in 
many cases. After making the specified 
bend, the motor lever is released and 
the vise backed up quickly, using the 
hand crank. When the load indication 
has again become zero and the aa 
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goes out the “set angle” resulting from 
the bend is indicated by the deflection 
pointer. 

The number of readings taken and 
whether or not a stress-strain diagram 
is constructed depends, of course, upon 
how much information is required for 
comparison and classification of the 
material in question. Brittle composi- 
tions may have their production and 
acceptance control based simply upon 
ability to support a specified minimum 


ordinary variations found in specimens 
of like material and gage. The weight 
used, times the pendulum length (4 in. 
on the machine shown in Fig. 1) gives 
the maximum bending moment applied 
to the specimen when the pendulum has 
been lifted toa horizontal position. The 
load scale reading is then 100 per cent. 

Two positions of the bending pin are 
provided on the pendulum dial plate, 
giving a bending span of either 2 or 4 in. 
An attachment, not shown, gives’a 1-in. 


Fic. 1.—Tour-Marshall Machine. 


load at some given angle, or to bend 
through some specified minimum angle 
without fracture. More ductile mate- 
rials may be classified as to strength and 
hardness by specifying the loads cor- 
responding to certain bend angles and 
by limiting the permissible permanent 
set after some given bend angle. 

The amount of weight to use on the 
pendulum is determined by trial, but 
the range of the machine for any one 


weighting is sufficient to cover any 


span. The shortest span is used that 
will give sufficient bend with the weights 
provided. 
On the Tour-Marshall tester the load 
in pounds is 
0.04 BP 
the observed load scale read- 
ing, 
P = the pendulum weight, and 


W= 


where B 


_ L = the span in inches. 
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The expression ‘2-90 stiffness” refers 
to the load necessary to bend the speci- 
men 90 deg. when applied 2 in. from the 
vise. 
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In flat rectangular sections J varies 
as the width and cube of the thickness. 
Load W, therefore, for a given deflection 
will vary with the cube of the thickness, 


30 Drew (or locate) Line as indicated, through ©*.0625, and 
secting sient line at 5 
4 14——>t-. 60 On scele (for thinner locate 54% 
16 70 + from draw (or locate) tine through 54% on scale 
Intersection on scale A’ (for thicker specimens) gives 58+ 
50 
~ + / 
10-20 b 
60 10 20 30 40 50 60 70 
/ 
ash / 
10-207 A’ / 
10 20 30 40 50 0 70 80 90 100 110 


Example: 
Stirinese 

tests are being 

mage on 16-gauge 

sheet, nominally 0°.0625 

thick. Specimen being 

tested measures O*.061 in thick- 
ness. Scale readings on this 

/ specimen ere. 

Angle of bend, 30°; Load, 54s. 
Required 

The load reading corrected for the difference 


in thickness. Thet is, to find what the 54% load 
reacing on the 0*.061 specimen would be if it were 
standard 0° 0625 thickness, the physical characteristics 
of the material being the aame. 
Seolugion 
On scale A (for thicker specimens) locate 0*.0625 
On scale B (for specimens) locate 0*.061. 


Fc. 2.—Correction Chart for Thickness Variations, Flat Specimens. 
¥ 


Load for a given small elastic deflec- 
tion in a cantilever is computed by the 
3EID 


standard formula 
L3 


where E = the modulus of elasticity, 
I = the section moment of in- 
ertia about the neutral 
plane, and 
D = the deflection at the loaded 
end. 


W 


other factors being constant. In round 
specimens the load for given deflection 
will vary with the fourth power of the 
diameter. 

Tests made on plastic and metal speci- 
mens cut from the same pieces, but dif- 
fering slightly in thickness showed that 
the load for the same deflection did vary 
practically as the cube of the thickness, 
not only in the elastic but throughout 
the plastic portion of the stress-strain 


curve. Annealed round steel wire 
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showed the expected fourth-power rela- 
tion. 

An explanation of the fact that the 
elastic bend theory holds true—under 
the conditions of the stiffness test—for 
plastic bending is that the straining can 
be considered a succession of infinitely 
small elastic bends, the modulus of elas- 
ticity being different, after the propor- 
tional limit is passed, for each bend. 
The observed load at any deflection is 
an integral of the previous load incre- 
ments. 

In testing sheet or strip for temper and 
comparative strength a correction must 


500F 
300F Anneal 


| 


No Anneal 
100 Anneal 


Anneal 
1 


| 
“1300 F Anneal 
| 
Short Verticals Show Set Angles 
| 
0 | 
0 0 30 40 50 6& 70 8&0 90 


Angular Deflection, deg 


3.—0.082-in. Music Wire. 


alignment chart, as shown in Fig. 2, 
based on the cube-of-thickness relation, 
has been prepared for convenience in 
making the correction without compu- 
tation. It is intended for use in cor- 
recting for thickness variations of 10 per 
cent or less. Figure 7 shows typical test 
results before and after correction. 

In testing wire and narrow strip, 
where the specimen represents the actual 
shape of the material in use no correc- 
tion need be made for thickness varia- 
tions from gage. Small variations will 
not perceptibly affect the shape of the 
curve or the set angle. 
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be made for thickness variations. An 


In the test of specimens cut from sheet 
metal where conclusive information is 
required regarding its suitability for 
drawing and forming operations, in other 
words where it is desired to investigate 
the plastic rather than the elastic quali- 
ties, it appears advisable to confine the 
bend to one particular section of the 
specimen. The plane of maximum 
stress in a cantilever bend test is that 
cross-section nearest the vise. A speci- 
men first bends elastically along its en- 
tire length, the bend being greatest 
nearest the fixed end. When the elastic 
limit of bending is reached yield takes 
place in the outer fibers of that section. 
Cold-work strengthening follows, so 
that, in some metals, the yielded sec- 
tion may quickly become stiffer than it 
was before the yield. The effect is to 
some extent the same as if the jaws of 
the vise were gradually extended to 
shorten the bending span. The plastic 
bending.element moves away from the 
vise so that the test is actually a suc- 
cession of partial tests. It is obviously 
desirable that a true picture be given of 
the entire elastic and plastic behavior 
of the same particles, rather than such 
a vague composite. 

To confine the bend, various close- 
clamping methods were attempted but 
discarded because unavoidable small 
variations in such short spans caused 
wide fluctuations in results. It also 
seemed necessary to clamp the speci- 
mens very tightly in order to prevent 
bends from creeping back under the 
jaws, the heavy pressure causing other 
errors due to flattening or biting int~ 
the softer materials. 

A notched specimen, of the shape 
outlined in Fig. 11, was finally adopted 
and seems tosolve the problem. Speci- 
mens are easily prepared, a number being 
clamped together and notched with a 
hack saw, the notches then being 
smoothed with a thin file. The speci- 
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men is clamped with the center of the 
notch at the edge of the vise. 
STIFFNESS TESTS ON WIRE 
Figure 3 shows stress-strain diagrams 
of tests made on seven samples of high- 
carbon music wire of 0.082 in. actual 
diameter. The diagrams give a clear 
picture of “heat aging” and low-tem- 
perature hardening on _ cold-worked 
steel. A length of wire was cut from 
the coil and run through a straightening 
machine. This device bends the wire 
well beyond its elastic limit, the bend 
angle being rotated at high speed about 
the axis of the wire as it is pulled 
through the machine. The result is 


anneal wire had a 4~90 stiffness of 6.6 
lb. Its elastic limit in bending was 24 
deg. The wire annealed at 300 F. had 
a 4-90 stiffness of 7.0 lb. and the elastic 
limit was increased to 26 deg. At 500 
F. the wire showed a slight decrease in 
4-90 stiffness and also a lower elastic 
limit. At 700F. the stiffness curves 
showed the anneal quite clearly. The 
tests on the higher-temperature anneals 
showed the gradual flattening out of the 
stress-strain curve and a decreasing 
radius of the curve as it passed the elas- 
tic limit. The shape of the curve at 
this point was apparently characteristic 
of the internal structure of the material, 
since it has been observed that wires of 
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Fic. 4.—0.082-in. Music Wire. 


that the wire is strained to a nearly 
plastic state and straightened by the 
tension necessary to pull it through. 
Aging gradually restores the elasticity, 
which process may be accelerated and 
strains removed by a low-temperature 
anneal. 

After straightening, the wire was cut 
into 8-in. lengths and separated into 
even lots. These were given different 
annealing treatments as follows: no 
anneal; 300 F. for 3 hr., cooled in 1 hr.; 
500 F. same; 700 F. same; 900 F. same; 
1100 F. same; and 1300 F. same. All 
samples were aged about one month 
before any tests were made. 

The curves in Fig. 3 show the effect 
of this mild heat treatment. The no- 
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the same composition and heat treat- 
ment give similar yield curvature, re- 
gardless of differences in diameter. 
The short vertical marks on the curves 
denote the angle of permanent set after 
the load was removed. This angle is 
read from the deflection dial and, with 
the 90-deg. stiffness reading, seems 
sufficient to classify and compare wire, 
at least for the purpose of insuring uni- 
formity in elasticity and strength. 

In Fig. 4 the 4-90 stiffness of the seven 
samples is compared with tensile 
strength and hardness tests made on 
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at the rate of 50 deg. Cent. per hour. 
All samples were straightened before 
annealing by stretching 1 per cent. 
The height of the load ordinates, the 
slope of the plastic portion of these 
curves, and the radius of curvature as 
the curve leaves the elastic line show 
quite clearly the effect of the annealing 
treatments. On the soft “no draw” 
wire, the 500 and 700 C. anneals made 
little change in the already large- 
grained structure, except to relieve the 
straightening strains, and little change 
in stiffness characteristics. The 1 
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specimens from the same piece with 
the same annealing cycles. The close 
and consistent agreement of all three 
tests is apparent. Each curve is the 
average of three tests. 

Figure 5 records tests on specimens 
of grade A nickel wire 0.020 in. in di- 
ameter, made in connection with the 
work of Subcommittee IV on Mechan- 
ical Tests of the Society’s Committee 
B-4 on Electrical-Heating, Electrical- 
Resistance and Electric-Furnace Alloys. 
Samples were supplied and annealed by 
the committee, in nine states of temper 
and anneal, as shown onthechart. The 
specimens were annealed at 500 and 
700 C. for 8 hr., followed by cooling 


B. & S. No. hard wire was stiffer. The 
700 C. anneal practically removed all 
traces of cold work from all three tem- 
pers. Note the almost precisely simi- 
lar shape in the curves showing the 
same anneal on different draw hard- 
nesses. 

Figure 6 compares the 2~90 stiffness 
of grade A nickel wire with hardness and 
tensile strength. The samples were 
too short for reliable elongation measure- 
ments. The wire, of 0.079-in. diameter, 
was of the same tempers and annealing 
treatments as the 0.020-in. wire covered 
by Fig. 5. The 0.020-in. wire was too 
small for hardness tests, but it is logical 
that the close agreement in stiffness. 
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hardness, and tensile strength found for 
the 0.079-in. wire would apply in the 
case of the lighter wire. 


STIFFNESS TESTS ON SHEET METAL 


In determining the drawing and form- 
ing qualities of sheet metal the Tour- 
Marshall tester affords information re- 
garding the elasticity, toughness, spring 
back, plastic flow, work-strengthening 
characteristics and hardness. It is true 
that much of the data is comparative 
and that absolute values, gaging one 
kind of material against another, are 
not easily determined. However, each 
type of drawing and forming operation 
seems to require its own more-or-less 
arbitrary set of standards, based upon 
practical experience. 

It would appear, then, that the con- 
sideration of what units to use in express- 
ing these arbitrary standards is not of 
great importance. It is, of course, 
essential that the test employed give a 
true indication of the qualities actually 
required in the material for satisfactory 
use, and detect small variations in such 
qualities. 

Figure 7 shows stiffness tests on a 
commercial brass strip. Seven samples 
were tested, representing cold-rolling 
reductions of from 10 to 65 per cent, 
the pieces having been first fully 
annealed. The upper set of curves are 
stress-strain diagrams from the observed 
angle and load readings. Specimens 
varied from 0.0135 to 0.0146 in. in thick- 
ness. Corrections for these thickness 
variations were made, based on a stand- 
ard of 0.0135 in. The lower set of 
curves shows the result of correction. 
The shape of the curves, the slope of 
the plastic portion and the radius of 
curvature after yield, show little change. 
The load ordinates, however, now give 
a true picture of the variations in 
temper. The sketch shows the actual 
shape of the specimens used. 

Figure 8 compares the 1-90 stiffness 
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and set angle values from the tests 
charted in Fig. 7 with hardness and 
tensile strength results on the same 
specimens. There was no elongation — 
reading obtainable from tension tests of | 
the higher-tempered specimens, due to— 
rebound. Indentation hardness tests 
required piling of specimens to avoid. 
“anvil effect” and their reliability is 
accordingly open to question. 

Figure 9 records stiffness tests of speci- 
mens from the same reel of 0.027 by 3 
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in. cartridge brass. Various anneals 
were given, resulting in the grain sizes 
shown on the chart. The curves show 
quite clearly the effect on elasticity and 
strength of this heat treatment. The 
set angle readings decrease regularly 
with grain size and there is the charac- 
teristic change in yield curvature. Ten- 
sion test results on this strip as compared 
to the 2-90 stiffness are shown in Fig. 


10. Note the agreement of “set angle” 
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with elongation and ‘2-90 stiffness” 
with tensile strength. Specimens were 
not notched. 

Hot-rolled or annealed steel sheet 
gives a stiffness test curve somewhat 
similar to that of the tension test. 
The extremely rapid yield and elon- 
gation at this point in the tension 
test are paralleled closely in the stiff- 
ness test. In the tests made in Fig. 
11, narrowly-notched specimens were 
used in the stiffness tests. Load was 
applied with the motor, at constant 
speed, until yield. At this point the 
machine was stopped and the specimen 
permitted to settle, deforming quickly 
under the weight of the pendulum. 
The motor was then thrown in gear 
and the test completed. This method 
was adopted because of the difficulty in 
observing and recording stress and strain 
data where the yield took place quickly. 

In Fig. 11 stiffness tests are plotted 
on three specimens of No. 20 gage auto 
body sheet. Specimens were notched 
according to the outline shown. Sheet 
B is a skin-passed sheet. Yield point 
deformation is low. Sheets A and C 
are not skin-passed and both show sud- 
den yield and considerable yield point 
deformation. Relative spring-back of 
these sheets is shown by the “set angle” 
readings, the difference between set 
angle and 90 deg. being the index. All 
three sheets were 0.0375 in. thick. 
Bends were made across grain. Sheets 
A and C show greater tendency to work 
harden, the curve rising steeply as 
deformation progresses, both in the 
tensile and bending stress-strain dia- 
grams. Toughness of the sheet is pro- 
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yper, 


portional to the area under the curve, 
and, as shown by both tension and stiff- 
ness tests, is greater for sheets A and C. 
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Figure 12 illustrates stiffness tests on 
three more specimens of 0.0375-in. auto 
body sheet. Sheets D and F are dead- 
soft annealed and sheet E has been 
recently roller-leveled. Sheets D and 
F showed many stretcher strains on 
drawing. The stiffness test specimens 
also showed these markings plainly at 
the points of bend. The stretcher 
strains on sheet / were much deeper and 
more extensive. As a comparative in- 
dex of this stretcher strain tendency the 
measurements shown in Fig. 12, in 
this case 6 deg. for sheet D and 21 deg. 
for sheet /’, are suggested, this being the 
deformation between the yield point 
and the subsequent work hardening 
until load again equals that at yield 


point. ‘Tension tests were as follows on 
these samples: 
SHEET D SHEETE SueetF 
Tensile strength, 
lb. per sq. in.... 42400 43400 42200 
Yield point, lb. per 
.in........... 30500 25500 28800 
Elongation in 2 in., 
per cent........ 40 42.5 48.5 
Yield point elonga- 
tion, per cent... Be 0.6 3.65 


In the stiffness test of steel sheet most 
of the values pertinent may be read 
directly from the scales or computed 
from dial readings without plotting a 
curve. These are: the yield point in 
flexure (load and angle), point where 
load again reaches yield value, the 90- 
deg. stiffness load, the spring-back and 
the toughness factor, which is an aver- 
age of the observed load readings at, 
say, every 10 deg. 


Acknowledgment.—The author wishes 
to thank the organizations who fur- 
nished specimens for test and also to 
express his appreciation of the assistance 
given by members of Committee B-4 
and of his own organization. 
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DISCUSSION 


Mr. Dean Harvey.'—tThe testing 
of the temper of wire, strip and sheet, 
is a matter of a great deal of importance. 
I have been told that in the radio tubes 
alone more than half a million pounds 
of nickel wire were used last year. The 
radio tube manufacturers are much in- 
terested in obtaining a uniform temper 
for this wire in order to make a product 
of the desired quality and to expedite 
manufacture, so they have been working 
for several years to devise a satisfactory 
test for stiffness. At their request, 
Committee B-4 on Electrical-Heating, 
Electrical-Resistance and Electric-Furn- 
ace alloys has undertaken the develop- 
ment of a bend test. In the 1936 report 
of the committee a preliminary draft of 
three methods of bend testing of wire 
was included for information.? One of 
the three machines described is the 
machine which Mr. MacBride presented 
in his paper today. He has been an 
active member of Subcommittee IV on 
Mechanical Tests of Committee B-4, 
which subcommittee is working on this 
subject. We are trying to develop one 
standard machine instead of having 
three or four different machines giving 
results which are not readily compared. 
The tension test does not tell the whole 
story as regards the stiffness of the wire, 
and a test which will actually bend the 
wire, thus more nearly corresponding 


— actual use, is preferable, although 


tension tests give valuable information. 


1 Materials Engineer, Central Engineering Labora- 
tories and Standards, Westinghouse Electric and Manu- 
facturing Co., East Pittsburgh, Pa. 

2 Proceedings, Am. Soc. Testing Mats., Vol. 36, Part I, 
162 (1936). 


Mr. W. M. Patterson.*—I think 
Mr. MacBride has done a fine bit of 
laboratory work in lining up a new tool 
which can be used in obtaining informa- 
tion on materials which we have previ- 
ously found difficult to test. Further 
work, however, seems indicated at a few 
points. 

A recent improvement in testing sheet 
has been to confine the plastic deforma- 
tion to a small localized section by means 
of a standard notch close to the vise face. 
If this is not done, work hardening 
causes the deformation to move out 
towards the point of loading, bringing 
a further factor into the test. Similar 
confinement should be applied to wire 
and strip tests. Strip can be handled 
by use of a small notch, and wire by 
additional support of the portion in 
which no deformation is desired. 

Mr. MacBride has explained the 
close agreement with the flexure for- 
mulas of results throughout the entire 
test, by considering the material to be 
in a pseudo-elastic state throughout, 
with each stress-strain increment giving 
a sort of modulus of elasticity without 
regard to whether the deformation is 
elastic or plastic. Since both the load 
and deflection formulas ae 


contain the modulus as a theoretic con- 
stant, this seems to be an incorrect 
analysis, particularly as a thinner sheet 


ci 3 Engineer of Tests, Parker-Kalon Corp., New York 
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or smaller diameter wire will take a 
greater angular deflection before plastic 
deformation starts than will a heavier 
one of the same material. 

I believe that the correlation works 
well because of the relatively small 
change of cross-section and the con- 
tinued elastic behavior of the fibers 


= nearer the neutral axis, which have not 
of been overstrained. 
sol Mr. MacBride is to be congratulated 
_- on his ingenious correction chart which 
wie may have many applications in other 
ner engineering work. 
ow I think there is room for further work 
to determine the effect of vise pressure 
eet in inducing stresses in addition to the 
in, applied bending stresses. Attention 
as may also be called to the fact that loop- 
oo. ing of the specimen occurs between vise 
and loading pin, which will change the 
at gage length and affect deflection read- 


ings, when a notch is not used. 

For certain materials showing a 
marked yield point, the author recom- 
led mends stopping the machine and per- 
by mitting the test to reach static equilib- 
oe rium before the reading is taken, rather 
than continuing the dynamic equilib- 
rium supplied by the constant speed 
motor as used for the rest of the read- 
ings, and throughout for tests not 
be showing a marked yield point. By 
having two men take simultaneous read- 
ings of load and deflection, the test 
would not have to be changed for this 
special condition, and the uniformity of 
test procedure would more than make 
up for the inconvenience. 

While it is always questionable prac- 
tice to bring a new test into a field in 
which there are already a great many, 
the writer feels that there are more 
than enough advantages in this type 
of stiffness test to justify its addition to 
the present means of checking materials. 

The writer believes that in many 
cases the stiffness test is more sensitive 
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to small variations than the tension 
test. The load readings check well with 
the tensile strength, and the set angles 
check well with elongation. The speci- 
men is more easily machined than the 
standard tension test specimen. The 
machine requires little experience to 
operate. 
In conclusion, I wish to compliment 
the author on his excellent work in 
indicating how the test results may be 
correlated with information wanted in 
actual manufacturing practice. The ul-— 
timate test of the machine of course 
will be its use in determining the accep- 
tability of materials for commercial © 
applications. 
Mr. SAm Tour.*—In many jobs we 
are often inhibited by knowing too much. 
In this particular type of test we have 
had just that type of inhibition from 
the start. The standard cantilever 
beam formula in normal structural de- 
sign is based on several assumptions: 
First, that the neutral axis does not 
shift as a result of the load applied; 
second, that the gage length of the 
specimen or of the structure does not 
vary due to the angle of deflection; 
third, that the section stressed does not 
change its shape; and fourth, that the 
modulus of elasticity is a constant. In 
a cantilever beam test in which a con- 
siderable amount of deflection is given 
to a specimen and in which there is con- 
siderable actual plastic working at the 
point of maximum bending, none of 
those assumptions holds true. There- 
fore, the standard cantilever beam 
formula cannot apply. The tendency, 
then, on the part of some of us who lean 
towards these theoretical considerations 
is to use the theoretical formula on a 
few results and say: “See, it does*not 
work; the thing is out of line entirely 
with the good standard accepted theory 


Vice-President, Lucius Pitkin, Inc., New York 
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for many years, and, therefore, it is no 
good.” The practical angle of it, how- 
ever, is that we can discard those points 
of dissimilarity between a cantilever 
beam test on a specimen which is loaded 
beyond its elastic limit and a test where 
the specimen is loaded within the elastic 
limit—we can discard those deviations 
on the ground solely that the results ob- 
tained in a cantilever beam test do give 
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“1G. 1.—Clamp Arranged So that Bending Pro- 
duces Nothing but Stretching in Test Piece. 


us information of value in industry and 
do tell us things that other tests have 
not been able to tell us in the past, and 
tell us these things with a minimum of 
time and effort. 

There was a question raised regarding 
what could be done with round wire to 
take the place of the reduced section 
used on strip. The need for necking 
decreases as the gage length of the speci- 
men tested is decreased. The tendency 
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to use a 4-in. gage length of specimen 
exaggerates the need for a reduced sec- 
tion. A 2-in. specimen does not develop 
as much “free bend” within the gage 
length, and similarly a }-in. gage length 
eliminates still more of it. By using 
the shortest possible gage length some 
of the errors due to the progress of bend- 
ing from the edge of the fulcrum out to 
the point of loading is eliminated. 

It might be of interest to point out 
one or two other types of tests which 
can be carried out on the machine which 
Mr. MacBride has described. By sup- 
porting a specimen in the grip in a ver- 
tical position, lifting the loading pin to 
any point of loading desired and sud- 
denly releasing it, the impact bending 
type of test can be carried out very 
readily on this machine. By holding 
the specimen in the horizontal position, 
but bringing the loading lever up to the 
load position and adjusting the pin 
against the specimen and then releasing 
the loading lever, the “force-bending” 
type of test can be carried out. In 
other words, this one machine may be 
used to carry out the three types of test 
which Mr. Harvey spoke of in connec- 
tion with the work of Committee B-4. 

Mr. E. E. Tuum.’—It is rather in- 
teresting that bend testing, which is a 
very early type of metallurgical test, is 
now getting more and more attention 
in an effort to gage the results of the 
old qualitative bending test in such a 
way that it can become quantitative. 

I have observed a somewhat different 
machine than the one described in some 
use by consumers of tin plate. The 
methods of testing are much the same 
as this, but the straight strip is gripped 
in vises as shown by the accompanying 
Fig. 1 so arranged that the pointed lower 
jaw of the two vises meet at the center 


5 Editor, Metal Progress, American Society for Metals, 
Cleveland, Ohio. 
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of rotation of the bending device. 
Rotation of the disk holding the upper 
vise will—or, at least, is said to—put 
nothing but tension into the test strip, 
and this is supposed to be one of the 
advantages of this particular type of 
gripping. The machine in operation is 
capable of bending the strip to a 90-deg. 
angle, straightening the strip back again, 
and then repeating the bend, plotting 
one curve after another until fracture 
ensues. The number of bends of that 
sort which the material will stand, and 
the relation between the various load- 
bend curves automatically drawn, is 
supposed to be indicative of quality. 

I believe there are a few of such 
foreign-built machines now in operation 
in America. From what I have heard, 
the users of tin plate are much more 
anxious to use such a machine than are 
the producers of tin plate. 

I should also like to comment on Fig. 2 
of the paper. This correction chart for 
various thicknesses would prebably be 
beyond criticism for corrections of a rela- 
tively few per cent, but one would need 
to scrutinize the results if results were to 
be corrected by, say, 50 per cent or more. 

Mr. H. L. MacBripe® (author’s 
closure, by letter)—Replying to Mr. 
Patterson and Mr. Thum, the cube-of- 
thickness correction for sheet metal is 
sufficiently accurate when the variation 
from gage is not more than the usually 
encountered 5 or 10 per cent. 

Mr. Patterson is no doubt correct 
in saying that plastic deformation will 
take place at smaller angular deflections 
in thicker specimens. However, with 
thickness variations of 5 or 10 per cent, 
the observed proportional limit in bend- 
ing seems to take place within a small 
difference of angular deflection. 

The deflection formulas shown for 
cantilever beams merely called attention 


*Research Engineer, Tinius Olsen Testing Machine Co., 
Philadelphia, Pa. 
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to the fact that in all bending formulas, 
the load, in theory, varies directly with 
the moment of inertia of the cross- 
section. If the width remains constant, 
load should vary as the cube of thick- 
ness. The modulusof elasticity is merely 
a ratio between load and deformation, 
and for any small increments of load 
might be called modulus of deforma- 
tion. This ratio is constant during the 
beginning of the progressive deflection, 
and then at some point in the continuous 
bending becomes a variable, its rate of 
change depending upon the nature of 
the material and, of course, to some 
extent upon the shape of the specimen. 
While it is true that the outer fibers 
are stressed to their elastic limit before 
those nearer the neutral axis, it seems 
to me safe to assume that where the 
difference in thickness between two 
specimens is small, the deflection in the 
progressive bend of each specimen 
where this elastic failure occurs should 
be about the same, provided the speci- 
mens are identical in structure. Py- 
roxylin sheets, that is, materials wholly 
plastic, have been sanded to slightly 
different thicknesses and the cube-of- 
thickness correction throughout the 
bend found to check closely. 

Mr. Tour said that the neutral axis 
must be presumed not to shift during 
the bending. This is of course true 
in applying the beam formulas to elastic 
deflections. However, I do not agree 
with this under the special conditions 
which I have assumed, because the load 
is, in theory, proportional to the cube 
of thickness, regardless of the distance 
of the neutral axis from the top or 
bottom of the specimen. I only assume 
that if the neutral axis does shift, 
because of change in the ratio of de- 
formation in compression and tension, 
the rate of shift will be practically the 
same in two specimens of identical struc- 
ture where the difference in thickness 
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FATIGUE PROPERTIES OF NON-FERROUS SHEET METALS 
By C. H. GREENALL' AND G. R. Goun! 


SYNOPSIS 


This paper continues an investigation described in a previous paper before 
the Society. Results are given of fatigue tests on nine alpha-brass alloys, one 
nickel-silver alloy, two phosphor-bronze alloys, three beryllium-copper alloys, 
one copper-nickel-silicide alloy, copper, Everdur, nickel, three nickel alloys and 
three aluminum alloys. The effect of grain direction on the fatigue properties 
of nickel silver and three aluminum alloys is shown. The effect of surface 
treatment and electroplated finishes on the fatigue properties of phosphor 
_ bronze is discussed as is the effect of grain size and surface treatment on the 
fatigue properties of nickel silver sheet. 

The data show that nickel silver sheet of 0.015 to 0.017-mm. average grain 

_ size has a higher endurance limit than similar material of larger grain size. 
The data also confirm the conclusions of the previous paper,” that dispersion 
_ hardening of alpha brass by the addition of nickel silicide increases the en- 
_durance limit and that cold work raises the endurance limit but not propor- 
tionally to the increase in tensile strength. 

Age hardening markedly increases the endurance limit of type K monel 
metal, aluminum alloy 17S and beryllium-copper alloys. 

The ratio of endurance limit to tensile strength for the alloys investigated 
varies from 0.136 to 0.403, depending upon composition, heat treatment and 
-amount of cold work. The highest endurance limits were observed for nickel 
and alloys of high nickel content. Little difference was observed between the 
endurance limits for heat-treated copper-base alloys such as beryllium copper 
and cold-worked alloy C phosphor bronze. 


Most of the materials referred to in 
this paper have been discussed in three 
previous papers’: *.4 covering the develop- 
ment of specification requirements for 
non-ferrous materials and the deter- 
mination of their fatigue properties. 


1 Members of Technical Staff, Bell Telephone Labo- 
ratories Inc., New York City. 

. R. Townsend and C. H. Greenall, “Fatigue Studies 
of + de Ferrous Sheet Metals,” Proceedings, m. Soc. 
Testing Mats., Vol. 29, Part IL, p. 353 (1929). 

3H. N. Van Deusen, Shaw and C. H. Davis, 
“Physical Properties and Methods of Test for Sheet 
Brass,” Proceedings, Am. Soc. Testing Mats., Vol. 27, 
Part 173 (1927). 
Townsend, A. Straw and C. H. Davis, 
“physical and of Test for Some Sheet 
Non-Ferrous Metals,” Proceedings, Am. Soc. Testing 
Mats., Vol. 29, Part II, p. 381 (1929). 


These materials are widely used in the 
manufacture of a variety of electro- 
mechanical devices in which they are 
frequently employed as electrical contact 
springs. Under normal service condi- 
tions, those springs are subjected to 
millions of cycles of stress; hence it is 
essential that design data be available 
which will permit the choice of a material 
which will not fail due to fatigue under 
operating stresses. 

The design and operation of the ma- 
chines developed for obtaining these 
fatigue data have been previously de- 
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Fic. 1.—Schematic Drawing of Monitoring Circuit for Sheet Metal Fatigue Testing Machine. 
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scribed.2, The same machines have been 
used unchanged in the present investiga- 
tion except for the addition of a monitor- 
ing circuit (Fig. 1) which is used for 
recording individual failures of the 
fatigue specimens. During test, each 
specimen is connected into the monitor- 
ing circuit as shown in Fig. 1. Failure 
of the specimen causes the relay to 
release, closing another circuit which 
starts the counter mechanism. This 
machine and monitoring circuit have also 
been used by other investigators.® A 
view of three units of the sheet metal 
fatigue testing machine is shown in 
Fig. 2. 

The test specimen shown in Fig. 3 
has been changed slightly from that 
described in the previous paper.? Ex- 
perience during the past eight years has 
indicated that it is difficult to obtain a 
satisfactory form milling- cutter from 
the method of dimensioning previously 
used. Accordingly, another and more 
complete method of dimensioning the 
test specimen is shown. The _ basic 
dimensions are now referred back to the 
_ 4§-in. end, irom which end all specimens 
are located in the testing machine. This 
change has necessitated an increase in 
the 2-in. dimension previously used to a 
value of 2.035 in. The location of the 
uniformly stressed area, however, re- 
‘mains the same with respect to the 
intersection of the tapered sides pro- 
jected, that is, the point of actuation 
of the specimen under test. A more 
thorough mathematical analysis of the 
shape of the specimen has shown that 
the ratio of length to thickness, 1/6, 
should be increased from 9.269 to 9.287. 

The specimens for test are prepared 
in a manner similar to that described 
elsewhere for the preparation of tension 


5 W. B. Price and R. W. Bailey, “Fatigue Properties 
of Five Cold Rolled Copper Alloys,” Technical Publication 
No. 786, Am. Inst. Mining and Metallurgical Engrs., 
New York Meeting, February, 1937. 


test specimens. The material is cross- 
milled with a _ straight-fluted, form 
milling cutter, extreme care being em- 
ployed to prevent the formation of 
transverse grooves during the milling 
operation which might affect the fatigue 
results. All specimens were cut with the 
direction of rolling as indicated in 
Table II. 

The previous paper’ stated that the 
speed of the testing machine was approx- 
imately 1500 r.p.m. It was pointed out, 
however, that it was necessary to adjust 
the speed of the machine, depending 
upon the material under test, in order 
that the speed did not approach the 
natural frequency of the test specimen. 
The majority of the tests previously 
reported were made at a testing speed 
of 750 to 900 r.p.m. Present tests, with 
the exception of the test data also re- 
ported in the previous paper, were made 
at 750r.p.m. This is comparable to the 
speed used by Price and Bailey.® Each 
sheet metal fatigue machine has a 
capacity of 40 specimens, 20 specimens 
being tested at a given deflection. Pre- 
vious tests were made on 5 specimens 
for each deflection, but because of the 
number of materials studied, many of the 
tests reported in this investigation were 
limited to three specimens at each 
deflection. 

The deflection of the reciprocating 
arm is first adjusted while the machine 
is stationary. The final adjustment is 
made while the machine is running at 
the testing speed. This is accomplished 
by having a small angle bracket attached 
to each reciprocating arm. Electrical 
contact is made with this angle at both 
ends of the stroke and the dynamic de- 
flection is readily obtained by measuring 
the distance between two electrical 


®R. L. Templin “Methods for Determining the Tensile 
Properties of Thin Sheet Metals,” Proceedings, Am. Soc. 
Testing Mats., Vol. 27, Part II, p. 235 (1927). 
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contacts. It is felt that this method 
is more accurate and simpler to use than 
the one previously employed using a 
stroboscope. 

The sheet materials investigated con- 
sist of nine alpha-brass alloys, one 
nickel-silver alloy, two phosphor-bronze 
alloys, three beryllium-copper alloys, 
one copper-nickel-silicide alloy, copper, 
Everdur, nickel, three nickel alloys and 
three aluminum alloys. These materials 
had been cold worked varying amounts 
prior to testing. In hardness, the 
materials varied from annealed to spring 
and extra spring tempers. Certain of 
the alloys were also heat treated or sub- 
jected to special surface treatments 
prior to testing. 

The average chemical composition 
for the materials tested is given in 
Table I. Table II lists the physical 
properties of the materials studied as 
well as heat treatment, special surface 
preparation and the minimum fatigue 
limit for each material at 100,000,000 
cycles of completely reversed stress as 
determined from S-N curves plotted 
from the test data tabulated in Table III. 

The method for determining the stress 
in the fatigue test specimen has been 
described in the previous paper.” 

Certain of the test results illustrating 
the average S-N relationship are shown 
in Figs. 4 to 9, which are plotted from 
the data in Table III. To avoid con- 
fusion the individual points are not 
plotted. The data of Table III will 
enable those interested to plot the S-NV 
curves and to check the endurance limits 
of all materials reported in Table II. 

Micrographic examination of broken 
test specimens of various materials 
indicate the type of failure to be similar 
to that previously shown in Fig. 11 of 
the earlier paper.2 The fatigue cracks 
have been without exception trans- 
crystalline and no distortion of the metal 
adjacent to the fracture has _ been 
observed. 
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A study of the test data confirms the 
conclusion of the previous paper? that 
the ratio of endurance limit to tensile 
strength for non-ferrous sheet metals is 
much lower than that reported for 
steel. The ratio of endurance limit to 
tensile strength for the materials studied 
varied from 0.136 to 0.403, which is 
approximately half of the ratio reported 
for heat-treated steel.’ 

Examination of the data shown in 
Table II indicate that, in general, the 
ratio of endurance limit to tensile 
strength decreases with increasing 
amounts of cold work. Attention is 
called, however, to the data for alloy A 
phosphor bronze and monel metal, in 
which case the ratio of endurance limit 
to tensile strength increased for inter- 
mediate amounts of cold working. 

Whereas the earlier paper? had re- 
ported, on the basis of a limited number 
of tests, the endurance limits presented 
in the third column of the following 
table, more complete tests indicate that 
these values should be those listed in 
the fourth column: 


ENDURANCE 
Limit ENDURANCE 
B.& S. vrousty RE- Limit, 
NUMBERS PORTED, LB. PER 
MATERIAL HARD LB. PERSQ. IN. SQ. IN, 
Alloy A brass...... 0 12 000 15 000 
4 13 500 19 500 
10 15 000 20 000 
Alloy G brass...... 0 12 000 13 000 
4 18 000 20 000 
Alloy B nickel 
“ee 0 14 000 17 500 
4 18 500 21 500 
10 22 000 21 500 
ee 8 24 000 23 500 
14 000 18 500 
12 500 16 000 
16000 20 500 


Likewise it has been found that the S-N 
curves for the non-ferrous metals do 
not exhibit the sharp knees characteris- 
tic of similar curves for steel. Hence 


7H. J. Gough, “The Fatigue of Metals,” Scott, Green- 
wood and Sons; ‘also H. F. Moore and B. Kommers, 
“The Fatigue of Metals,””’ McGraw-Hill Book Co., Inc., 
New York City (1927). 
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ic. 4. Relation of Fiber Stress to Reversal of Stress, Aluminum Alloy No. 17S. 
No. 24 B. & S. Gage. Average curves. Grain direction parallel to length. 
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Fic. 5.—Effect of Surface Preparation on Fatigue Properties, Alloy C Phosphor Bronze. — 
No. 24 B..& S. Gage, 8 numbers hard. Average curves. Grain direction parallel to length. 
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_ Fic. 6.—FEffect of Various Finishes and Surface Preparations on the Fatigue Properties 
of Alloy C Phosphor Bronze. 
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Average curves. Grain direction parallel to length. 


Z 45000 

” 40000 

> AVERAGE GRAIN SIZE IN 

BSS. THOUSANOTHS OF A MILLIMETER | | | 

35 000 

22) 

30000 

w 

= 20 000 

106 107 


NUMBER OF REVERSALS 


ze Fic. 8.—Effect of Grain size on Fatigue Properties of Alloy B Nickel Silver. 
No. 24 B. & S. Gage, 6 numbers hard. Average curves, Grain direction parallel to length. 
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the endurance limit reported for a given 
number of cycles of reversed stress will 
not necessarily hold for a larger number 
of cycles. In our work, however, we 
have considered 100,000,000 cycles of 
reversed stress to be the endurance 
limit. 

The data plotted in Fig. 4 show that 
the endurance properties of aluminum 
alloy 17S can be definitely improved 
by hard working and that even further 
improvement will result if this alloy is 
heat treated. 

The data plotted in Fig. 5 show that 
considerable improvement in the fatigue 
characteristics may be obtained by 
careful preparation of the surface of the 
specimens under test. For example, by 
taking specimens of alloy C phosphor 
bronze, 8 numbers hard, in the “as 
received” condition and subjecting them 
to a microscopic polish prior to testing, 
it is possible to raise the endurance limit 
from 26,000 lb. per sq. in. to 28,500 lb. 
per sq. in. 

The data in Table II and the curves of 
Fig. 6 show that plated finishes may, in 
the absence of proper surface prepara- 
tion, materially lower the fatigue re- 
sistance of non-ferrous metals. The 
tests made on phosphor-bronze speci- 
mens to which various nickel, chromium, 
and nickel-chromium finishes have been 
applied illustrate this. The data also 
show that part of this loss may be 
overcome by increasing the adherence of 
the plated finishes by sand-blasting or 
other suitable surface preparation. Like- 
wise, holes, notches or formed offsets 
in highly stressed sections will reduce 
the fatigue properties below that nor- 
mally expected of a given material as 
shown by the data for alloy B nickel 
silver sheet, 6 numbers hard. 

Improvement in the fatigue properties 
of non-ferrous sheet metals may be 
obtained by proper alloying. This is 
shown by comparing the curves pre- 


sented in Fig. 7 with the endurance 
limit for sheet copper. By the addition 
of beryllium and a small percentage of 
nickel to copper, it is possible to raise 
the endurance limit from 14,000 Ib. 
per sq. in. for copper sheet 6 numbers 
hard to 36,000 lb. per sq. in. for berylli- 
um-copper in the optimum cold-worked 
and heat-treated condition. 

Improvement in the fatigue charac- 
teristics of non-ferrous sheet may also 
be obtained through refinement or con- 
trol of grain size. This is illustrated by 
the curves in Fig. 8 where it is shown 
that alloy B nickel silver having a grain 
size of 0.017 mm. has better fatigue 
characteristics than nickel silver of 
similar composition and hardness but of 
larger grain size. 

With moderate amounts of cold work, 
nickel silver sheet has better fatigue 
characteristics when specimens are 
blanked at 45 deg. than parallel or at 
90 deg. to the direction of rolling as 
shown by the curves of Fig. 9. 

Alpha brass hardened by the addition 
of nickel-silicide shows some improve- 
ment in the endurance limit but more 
complete test data indicate that the 
improvement in the ratio of endurance 
limit to tensile strength reported in the 
previous paper’ is not borne out. More 
complete fatigue data show but a slight 
gain in fatigue properties with decided 
improvement in tensile properties. The 
gain in fatigue properties is not con- 
sidered sufficient to justify the use Of 
these alloys. However, dispersion-hard- 
ened alloys of the beryllium-copper type 
do have superior fatigue properties to 
the dispersion-hardened alpha _brasses 
and are comparable in their minimum 
fatigue characteristics to cold-worked 
alloy C phosphor bronze. It is possible 
by optimum cold working and aging of 
beryllium-copper alloys to obtain some- 
what higher fatigue properties but these 
results are not obtained consistently. 
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Z CONCLUSIONS 


The test results indicate that the 
fatigue endurance limit at 100,000,000 
reversals of stress varies from approxi- 
mately 13.5 to 40 per cent of the tensile 
strength. High tensile strength alone 
does not necessarily imply good fatigue 
characteristics. 

The fatigue characteristics of non- 
ferrous sheet metals may be raised by 
cold working but the resulting increase 
is not proportional to the increase in 
tensile strength. 

Precipitation hardening of alpha brass 
by the acdition of nickel silicide in- 
creases the endurance limit. 

Grain direction in materials such as 
alloy B nickel silver and cold-worked 
aluminum alloy No. 17S affects the 
endurance properties but in the cases of 
alloys such as 2S, 3S, 17S-O and 17S-T 
where the microstructure reveals little 
or no directional properties the fatigue 
properties are likewise unaffected by 
grain direction. 

Small holes or additional working of 
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highly stressed sections reduces the 
endurance limit below that of the 
original material. By proper surface 


preparation such as polishing the en- 


durance limit may be materially raised. 

The endurance limit will be lowered 
by the addition of plated finishes unless 
proper precautions are taken to prepare 
suitably the surface prior to the applica- 
tion of the plated finish. © 

By the use of material having a small 
grain size, improvement in the endurance 
properties may be obtained. 


Alloys such as beryllium-copper, alu-- 


minum alloy 17S and K Monel as well 
as the dispersion-hardened brasses may 
be heat treated to obtain improved 
fatigue characteristics. 
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Mr. H. L. Burcuorr! (presented in 
written form).—The authors are to be 
commended for the presentation of such 
a fund of endurance data, which are, I 
believe, the most comprehensive yet 


_ published on non-ferrous materials. 


The authors’ findings on the effects of 
grain size and of direction of rolling with 
respect to length of specimen are in- 
teresting. We are now conducting a 
series of tests on brasses, using similar 
machines and specimens, and consider- 
ing variations in temper and directional 
properties. While our tests are not yet 
complete, indication is given that ma- 
terial with small grain size has higher 
endurance limit than similar material 
with large grain size, which is in agree- 
ment with the authors’ results on nickel 
silver. With regard to directional prop- 
erties of rolled brass, our present results 
tend to indicate that specimens cut at 
90 deg. to the rolling direction have 
higher endurance limit than specimens 
cut at 45 deg., which in turn are superior 
to those cut at 0 deg. or parallel to the 
rolling direction. This agrees with the 
authors’ results on nickel silver rolled 
10 B & S numbers hard, but not as 
rolled 4 B & S numbers hard. 

Results are given in Table II of the 
paper showing that the effect of a low 
temperature anneal, actually a stress- 
relieving anneal, is to increase the endur- 
ance limit of rolled nickel-silver speci- 
mens cut parallel to the rolling direction. 
Again referring to our work with brass, 
we are obtaining comparable results with 


1 Research Metallurgist, Chase Brass and Copper Co., 
Waterbury, Conn. 
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specimens similarly cut and subjected 
to a stress-relieving anneal. The effect 
of this anneal on specimens cut at 45 and 
90 deg. to the rolling direction is less, 
however, decreasing as the angle in- 
creases. It is hoped to embody our 
work in a suitable paper, upon its com- 
pletion. 

In making use of endurance limit 
values for design purposes, consideration 
must often be given to modulus of 
elasticity. Thus, two materials having 
the same endurance limit but different 
moduli of elasticity might be under 
consideration. If the application were 
one in which a certain deflection were 
to be made, regardless of stress set-up, 
the logical choice would be the material 
of lower modulus, in which the stress 
would be less. This would be a different 
problem from an application in which a 
definite load is to be carried. To assist 
in the evaluation of various materials 
tested, it is our practice to report the 
actual deflection of specimens corre- 
sponding to the endurance limit. This 
makes for ready comparisons, being, of 
course, a further indication of elastic 
modulus which is desirable because of 
the varying values of modulus reported 
for non-ferrous alloys. In the present 
paper, steps in this direction have been 
taken, values of moduli of elasticity 
being given in Table II and correlation 
of stresses and deflections being given 
in Table III. 

Mr. C. H. Davis? (presented in writ 
ten form).—A few words may be in 


2 Metallurgist, The American Brass Co., Waterbury, 
Conn. 
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order with regard to the heat hardenable 
alloys, such as beryllium-copper. A 
maximum endurance limit of 36,000 lb. 
per sq. in. is given for a specimen 4 
numbers hard, aged 2 hr. at 275C. If 
the specimens 2 numbers hard had been 
aged for a longer time, or at a slightly 
higher temperature, their endurance 
limit would undoubtedly have been 
higher. The same comment applies to 
the annealed specimens. 

A point worthy of discussion, but 
which has been omitted with quite good 
propriety from the paper, is that of 
aging after forming. An example fol- 
lows: 

Phosphor bronze, grade C annealed, 
has an endurance of 21,000 Ib. per sq. in., 
but when rolled 8 or 10 numbers a limit 
of 27,000 lb. per sq. in., and when in 
such a hard condition the bronze could 
not be bent or formed to any appreci- 
able degree. A piece of beryllium- 
copper, on the other hand, may be 
formed and even drawn in the annealed 
condition, then given a heat treatment 
or aging, which would yield an endurance 
limit of 28,000 to 31,000 Ib. per sq. in. 
Moreover, the beryllium-copper thus 
treated would have excellent spring 
properties. 

Taking this view, the comparison 
would be between the phosphor bronze 
with a limit of 21,000 lb. per sq. in. and 
beryllium-copper with an endurance 
limit of 28,000 to 31,000 Ib. per sq. in. 
Actually, in commerce, many thousands 
of pounds of this heat-hardenable alloy 
are being used because of this very 
ability to become hardened and 
strengthened after the final annealing 
and forming operations. With the ad- 
vances in the art of manufacturing 
beryllium-copper, since the time the 
specimens reported in the paper were 
prepared, the properties obtained after 
heat treatment are fairly uniform. The 
alloy is sensitive to minor variations in 
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heat treatment but with this knowledge 
the properties can be improved by 
exact selection of proper conditions for 
aging. 

Mr. R. L. Tempiin.2—The authors 
are to be complimented on doing an ex- 
cellent piece of work in evaluating the 
fatigue properties on some of the non- 
ferrous metals. Their findings in con- 
nection with effects of grain size on the 
fatigue properties are quite in accordance 
with those previously reported before 
this Society for some of the aluminum 
alloys. They find also, as was previ- 
ously reported for aluminum alloys, that 
the fatigue strength increases with the 
cold working but at a much lower rate 
than the static mechanical properties. 
The beneficial effects of strain relief have 
been recognized generally, at least in a 
qualitative way, but it is gratifying to 
obtain quantitative data for specific 
materials. The improvements attribut- 
able to strain relief, in so far as fatigue 
properties are concerned, will of neces- 
sity depend upon the amount of internal 
strain in the material, initially, as well 
as upon the metal itself. 

The effects noted with respect to the 
direction of rolling are not entirely in 
accordance throughout the data given. 
It would seem reasonable to expect dif- 
ferences, depending not only on the 
amount of rolling but the details of the 
fabrication process used; that is, the 
amount of rolling in a given direction 
as well as the rate of reduction will un- 
doubtedly have some effect on the result- 
ing fatigue properties. 

Mr. E. E. Tuum.®>—I should like to 
ask Mr. Templin’s opinion as to the scat- 
ter of the test results on the age-hard- 
ening alloys. Is it his thought that the 


’Chief Engineer of Tests, Aluminum Company of 
America, New Kensington, Pa. 

‘R. L. Templin, “The Fatigue Properties of Light 
Metals and Alloys’’, Proceedings, Am. Soc. Testing Mats., 
Vol. 33, Part II, p. 364 (1933) 

5 Editor, Metal Progress, American Society for Metals, 


Cleveland, Ohio. 
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scatter shown in this paper is an evidence 
that another heat treatment is required, 
or should we expect a scatter as being 
_ inherent to that type of metallurgical 


TempLin.—Answering Mr. 
_ Thum’s question, I must confess an un- 


_lium-copper alloys. In our early efforts 
produce age-hardening aluminum 
ae : alloys we sometimes got an appreciable 
scatter in the fatigue values similar to 
that referred to, but in general, such 
scatter of values is absent in our fatigue 
tests of present-day aluminum products. 
Occasionally in certain forms of products 
we note such a scatter but whether or not 
it can be attributable to age-hardening 
or other factors, it is rather difficult to 

Mr. G. R. Goun.*—We are pleased 
to have the written comments by 
Messrs. Burghoff and Davis on the 
paper by Mr. Greenall and myself. We 
are particularly glad to find that other 

investigators are in agreement with our 
findings with respect to the effect of 
grain size and low temperature heat 
treatments on fatigue strength. Mr. 
Burghoff, working on brass, reports the 
same effect with respect to grain size 
and low-temperature anneals as we 
_ have found on nickel-silver sheet. Mr. 
Burghoff also reported somewhat better 
fatigue properties for brass specimens 
taken at 90 deg. than for specimens 
taken parallel to or at 45 deg. to the 


_ © Member of Technical Staff, Bell Telephone Laborato 
ries, Inc., New York City. 
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direction of rolling. In our paper we 
have reported the effects of grain direc- 
tion on 11 alloys, 5 of which were alumi- 
num. In these particular aluminum 
alloys we observed no marked direc- 
tional effect, but in the other alloys, 
particularly the nickel-silver sheet which 
we use for springs, we did find some 
improvement at 45 deg. This evidence 
is, however, not sufficient for us to 
state that all alloys will give the same 
effect. 

In Mr. Davis’ comments he stated 
that, as information becomes available 
and methods of manufacture improve, 
undoubtedly better fatigue properties 
will be obtained for beryllium-copper 
sheet. This is borne out by the last 
comment of Mr. Templin who, in reply 
to Mr. Thum’s question, stated that 
heat-treated aluminum alloys which 
have been manufactured commercially 
for a considerable period of time, at 
present show very little scatter in the 
data obtained in fatigue tests on those 
alloys. We believe that as the methods 
of manufacture and heat treatment 
improve, both for heat-treated nickel 
and copper alloys, the scatter obtained 
in fatigue tests on these alloys will like- 
wise be decreased, and that the fatigue 
properties will be more uniform than 
those which we have noted. We should 
like to point out that the heat treat- 
ments which we employed were those 
recommended by manufacturers of these 
alloys, and in many cases the alloys 
themselves were heat treated by the 


manufacturer and not by us. —_ a 
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discussed. 
by this range of speed. 


Several investigators have reported 
fatigue tests made at frequencies above 
the normal operating frequency for 
standard rotating-beam machines of 
1700 to 3500 cycles per minute. Jenkin 
and Lehmann? used a flat specimen 
driven by an air blast and made tests at 
frequencies from 36,000 to 1,200,000 
cycles per minute. They reported an 
increase of approximately 20 per cent in 
the fatigue limit at the highest frequency 
but the extrapolated curves show very 
slight increase below 30,000 cycles. The 
National Bureau of Standards* with a 
similar machine reported tests made at 
12,000 cycles per minute for sheet-metal 
specimens which are comparable with 
results on rotating-beam specimens at 
3450 cycles per minute. Krouse* de- 
scribed a rotating cantilever machine and 


1Materials Testing Engineer, Air Corps. and Chief, 
Material Branch, respectively, Wright Field, Dayton, Ohio. 

*C. F. Jenkin and G. D. Lehmann, “High Frequency 
Fatigue,” roceedings, Royal Soc. (London), Vol. 125-A, 
). 

*Reports of National Advisory Committee for Aero- 
hautics, 1930 and 1931, U. S. Government Printing Office, 
Washington, D. C. 

.*G. N. Krouse, “A High-Speed Fatigue Testing Ma- 
chine and Some Tests of Speed Effect on Endurance 

t,” Proceedings, Am. Soc. Testing Mats., Vol. 34, 
Part IT, p. 156 (1934). 


FATIGUE PROPERTIES OF METALS USED IN AIRCRAFT 
CONSTRUCTION AT 3450 AND 10,600 CYCLES 


By T. T. OBerc! anp J. B. Jounson! 


SYNOPSIS 


A description of a ball-bearing rotating-beam machine operating at 10,600 
cycles and the results of comparative tests on these machines and ball-bear- 
ing and plain-bearing machines operating at 3450 and 1725 r.p.m., respec- 
Plain and notched specimens were used and operating temperatures 
The values for the fatigue limits were not appreciably affected 
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indicated a higher fatigue limit at 10,000 
cycles for brass and stainless steel, but 
no change in several other metals. All 
of the metals had a higher fatigue limit 
at 30,000 than at 15,000 cycles. Boone 
and Wishart® submitted results on a 
similar machine but no comparative data 
on effect of speed were given. 

A large amount of data has been as- 
sembled on the fatigue properties of air- 
craft materials using the R. R. Moore 
plain-bearing rotating-beam type ma- 
chine at operating speeds of 1725 and 
3450 cycles per minute. The desir- 
ability of developing a similar machine 
which would operate at higher speeds and 
accommodate the same type of specimen 
is obvious. The latest model of such a 
machine, Fig. 1, consists of two cast alu- 
minum housings in which are mounted 
ball bearings supporting the nitrided 
steel spindles in which the specimens are 
held. The spindles are driven through 
a rubber-encased splined connection 


5 W. D. Boone and H. B. Wishart, “High-Speed Fatigue 
Tests of Several Ferrous and Non-Ferrous Metals, at Low 


Temperatures,” Proceedings, Am. Soc. Testing Mats., 
Vol. 35, Part HI, p.147(1935). 
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Fatigue Testing Machine. 


233040.003 “Aluminum Alloy 
1, -0.250+0.003' Stee! 

=~ 
"rad | 
\ | 
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0.010 "rad. 0. 25040 003" 


= 


60° 0.3004 0.003 
Fic. 2.—Unnotched and Notched Specimens for Rotating-Beam Machine. 
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directly connected to a }j-hp. motor 
operating at 10,600 r.p.m. The ball- 
machines have lower and 


the plain-bearing machines. No diffi- 
culty has been experienced with the lu- 
_ brication of the machines, a light oil 
_ having a viscosity at 100 F. of 80 to 115 
sec. has proved satisfactory. A few 
drops of fresh oil are added at about 48- 
hr. intervals. All tests except those of 


The specimens, Fig. 2, were the short 
type identical to those used with the 
plain-bearing machines. The unnotched 
specimens were rough machined } in 
oversize, heat treated, ground to size, 
and polished longitudinally with Man- 
ning No. 0, 00 and 000 papers. The 
notched specimens were machined and 
the notch cut with a special tool made by 
Pratt & Whitney Co. The depth 
and root diameter were measured on a 
Zeiss toolmaker’s microscope. 


TaBLe Il.—FatiGue ProverTIES OF METALS AT AN O?ERATING SPEED RANGING FROM 
1725 To 10,600 
Fatigue Limit Rotating Beam, lb. per sq. in. 
U nnotched Notched 
Material Condition 
Plain | Ball | Ball | Plain Ball | Ball 
Bearing, | Bearing, | Bearing, | Bearing, | Bearing, | Bearing, 
1725 3450 10,600 1725 | 3450 10,600 
r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. r.p.m. 
S.A.E. No. 2330............- Drawn at 1100 F. 79000 | 80000 | 79000 | 31000 |.......... 31 000 
Normalized 25 000 25 000 
Drawn at 1100 F. |........ | 86 000 30 000 30 000 
Drawn at 650 F. 114.000 |........ 53 000 5300 
Chromium-nickel............ Annealed 43 000 42 090 
Chromium-nickel............ Cold drawn 70 000 et Fae 50 000 
Alcoa 275-T., 6-in forging.... Heat treated |........ | 11 0004 60004) 70008 
Alcoa X-164, casting Heat treated  |........ 10000? | 10000" 


“ Fatigue limit at 100,000,000 cycles. 
Fatigue limit at 200,000,000 cycles. 


the Alcoa 27S-T at 3450 r.p.m. and the 
tests at 1725 r.p.m. were made in ball- 
bearing machines. 


Test Procedure: 


The S-N diagrams for the fatigue 
properties were obtained in the usual 
manner by running the specimens to 
failure, except in the case of the alumi- 
num alloy, Fig. 11, in which case the 
specimens which had been tested for 
300,000,000 to 2,700,000,000 cycles with- 
out failure were retested at a higher 
stress. The procedure was simply to 
apply the additional load without stop- 
ping the machine and continue the test 


until the specimen failed. 


ed 


© Fatigue limit at 509,009,999 cycles. 
Plain-bearing machine. 


Material: 


Two representative aircraft steels of 
low alloy content, S.A.E. No. 2330 and 
No. 4130, and one of high-alloy content, 
18 per cent chromium, 8 per cent nickel; 
a non-ferrous nickel-base alloy, Inconel; 
and two aluminum-base heat-treated al- 
loys were tested. All of the specimens 
were machined from rolled or forged bars 
except one of the aluminum alloys which 
was in the form of test bars cast to shape 
in a green-sand mold. The skin was re- 
moved and the specimens polished. The 
chemical composition, heat treatment, 
and tensile properties are given in 
Table I. 


ae 
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100000 
90 000 LL Polished Specimens, 3450 rpm 
= <i Polished rpm 
vi ° | | 
| | | 
70000 /Notched Specimens, 10600 r p.m 
2 \Notched Specimens, 1725 rpm. | | 
40 000 | i 
30 000 
10000 100 000 109000 10 000 000 100 000 000 
1 = Number of Cycies of Stress for Rupture, log scale — 
Fic. 4.—S.A.E. No. 2330 Steel Bar, Heat Treated. | 
60 000 
| 
Failure 
| 
. 50000 Polished 3450 r. H 
| 
ica 
20 000 Notched Specimens, 3450 r. p.m. 
° Notched Specimens, /0600 r. 
Hil | | | 
10 000 | | 
10 000 100 000 1000 000 10 000 000 100 000 000 


7 


Number of Cycles of Stress for Rupture, log scale 
Fic. 5.—S.A.E. No. 4130 Steel, Normalized and Annealed. 


100 000 - 
| 
| (ndicates no Failure 
90.000 
5 f Orpim.\\| 
| | © Notched, 3450 rp 
~~ | © Notched, /0600rp. 
£ 30000 
20000 
10000 100 000 1000 000 10000000 100000000 1000000 000 


Number of Cycles of Stress for Rupture, log scale 


Fic. 6.—S.A.E. No. 4130 Steel, Oil Quenched at 1625 F., Drawn at 1100 F 
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| | | | Indicates no failure 


| |_| 


“ecimens,/0600 


~yPecimens, 10600 rpm 
50000 |_| Notched Specimens, "3450 rpim. 
"10000 100 000 1000000 10000000 100000000 1000000000 


Number of Cycles of Stress for Rupture, log scale 
Fic. 7.—S.A.E. No. 4130 Steel, Oil Quenched at 1625 F., Drawn at 650 F. 


80000 


ISS | Indicates no Failure | 
Cold Drawn, 3450 r p.m. 
Yawn, \/0 600 | 


Ib. per sq. in 
a 
=) 
8 


| | | Annealed, /0600rp.m 


10 000 100 000 1000 000 10000000 100000000 1000000000 
Number of Cycles of Stress for Rupture, log scale . 
Fic. 8.Chromium Nickel (18-8) Steel Bars, Polished Specimens. 
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ndicates no failure 
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Stress, lb. persq. in. 


10600 rpm 
50 000 ag, 
rpm Annealed 3450 rp.m 


— — + 
10000 100 000 1000 000 10000000 100000000 1000 000000 


Number of Cycles of Stress for Rupture, log scale 
“1c. 9.—Chromium Nickel (18-8), Notched Specimens. 
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90 000 


000 Failure | 
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« 70000 
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40000 | | 


10000 100000 1000000 10000 000 - 000000 1000000000 
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Fic. 10.—Inconel, Polished Specimens 


30 000 

25 000 
£ 4, 
4 <2 
5 20 000 
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15000 
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10 000 

Notched Specimens, $450 


100 000 1000 000 10000000 100000000 1000000000 10000000000 


Number of Cycles of Stress for Failure, log scale 


5000 


Fic. 11.—Forged Aluminum Alloy. 


ORIGINAL TESTS RETESTS 
STRESS, LB. PER NUMBER OF CYCLES STRESS, LB. PER NUMBER OF CYCLES 

SQ. IN. TO RELOAD SQ. IN. TO FAILURE 
POLISHED SPECIMENS, 10,600 R.P.M. 

POLISHED SPECIMENS, 3450 R.P.M. 

300 150 000 ws 2 425 000 


ces 302 134 000 
8 000 


Indicates 
4 | | 
i 
| 
= 
10 000... 2 720 500 000 18 000 33 045 000 j 
9000... 503 000 000 18 000 24 627 000 
9 000... 506 450 000 18 000. 38 383 000 


Results of Tests: 


The S-N diagrams are shown in Figs. 
4 to 12 and Table II. It is apparent 
that for the ball-bearing machines oper- 
ating at 3450 and 10,600 r.p.m. the 
diagrams are practically superimposed 
for both the notched and unnotched 
specimens, with the exception of Inconel, 
Fig. 10, and 27S, Fig. 11. The slight 
differences in fatigue limit although re- 
corded in the table are of doubtful sig- 
nificance. For stresses above the fatigue 
limit the diagrams diverge in some cases, 
but in this region it is seldom that exactly 
the same life will be obtained on two 
identical specimens when the tests are 


Moore and Kommers*® state that 
“when metal is stressed within the fa- 
tigue range, the cyclic state is attained 
by plastic deformation or strain harden- 
ing. The cyclic state is attained when 
plastic strain ceases, and the metal can 
then withstand the cycle of stress in- 
definitely.” 

The fatigue limit of annealed chro- 
mium-nickel austenitic steel is above the 
tensile yield strength of the material and 
in the range where plastic strain is large. 
Plastic strain is influenced by the shape 
of the specimen. The deflections for 
equal loads were greater for the un- 
notched than for the notched specimens; 


20 000 — 
Indicates no Failure 
bad | 
a | | | 
5000 — 
10000 100000 1000 000 10000000 100000000 1000000000 
Number of Cycles of Stress for Rupture, log scale 
i Fic. 12.—-Cast Aluminum Alloy, Polished Specimens. 7 


made at the same frequency. Results 
obtained in different laboratories or in 
the same laboratory on different lots of 
specimens often indicate marked vari- 
ability. 

The diagrams for the austenitic chro- 
mium-nickel steel in the annealed condi- 
tion indicate the unusual phenomenon, 
which has been noticed by other investi- 
gators, that the notched specimens have 
a higher fatigue limit than the unnotched 
specimens. The stresses are calculated 
from the formula for beams of uniform 
section which contains no stress concen- 
tration factor, but the results are com- 
parable with those for other wrought 
structural metals which invariably show 
a lower fatigue limit for notched 


therefore, plastic strain will cease at a 
greater load in the notched than in the 
unnotched specimens and the fatigue 
limit will be correspondingly higher. 
The higher fatigue strengths as shown in 
the S-N diagrams for alloy 27S-T, Fig. 
11, at 10,600 cycles are probably not due 
entirely to the greater frequency. The 
specimens for both diagrams were ma- 
chined from the same bar and at approxi- 
mately the same location relative to the 
outside surface, but the tests at 10,600 
cycles were made more than a year later 
than those at 3450 r.p.m. The fatigue 
properties may have improved through 
aging although the tensile properties 
were not measurably affected. The 


¢H. F. Moore and J. B. Kommers, “The Fatigue of 
Metals,” p. 47, McGraw-Hill Book Co., Inc., New York 
City (1927). 
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tests at 3450 r.p.m. were made in plain- 
bearing machines which introduce a 
small shear load in the specimen. The 
tests at 10,600 r.p.m. were not carried 
beyond 500,000,000 cycles, but the two 
specimens which had run for this length 
of time and were retested at 20,000 lb. 


per sq. in. showed damage. The fatigue 
limit at 10,600 r.p.m. isless than 13,000 Ib. 
per sq. in. and therefore is close to that de- 
termined for 3450r.p.m. Thelowercurve 
indicates that the fatigue limit for this 
alloy when tested at 3450 r.p.m. is above 
10,000 and below 12,000 Ib. per sq. in. 
The two specimens run for 2,700,000,000 
cycles and 9000 and 10,000 Ib. per sq. 
in. and retested at 18,000 lb. per sq. in., 
not only indicated no damage but a 
higher fatigue strength than specimens 
originally tested at 18,000 Ib. per sq. in. 
Since it took 18 months to complete the 
tests at the lower stresses, the specimens 
at retest were actually the same age as 
the specimens tested at 10,600 cycles. 

Some scatter in the retested specimens 
is noticeable. This is characteristic of 
all fatigue tests on aluminum alloys con- 
taining a hardening constituent present 
in the form of small particles. It is 
reasonable to believe that when one of 
these particles is lodged at the most 
highly stressed fiber it will gradually 
loosen and act as a stress raiser caus- 
ing erratic behavior. 

All aluminum alloy specimens were 
coated with a thin film of petrolatum 
immediately after machining and occa- 
sionally during the test. A microscopic 
examination of the surfaces of the speci- 
mens running for long periods indicated 
no pitting or corrosion. 

The heat developed at the stressed sec- 
tion of a rotating specimen depends upon 
the chemical composition and physical 
condition of the material but is higher 
at a frequency of 10,600 than at 3450 
cycles. The differences in temperatures 
increase with increase in the applied 
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stress, Fig. 3. These curves are typical, 
for annealed materials the temperatures 
are higher and for quenched-and-drawn 
structural steels somewhat lower. Tem- 
peratures were measured by a chromel- 
alumel thermocouple soldered to the 
middle of the specimen, Fig. 1. The 
thermocouple wires were looped to give 
flexibility and soldered to rings of similar 
material mounted on cylindrical fiber 
blocks attached to the shoulders of the 
specimen. The potentiometer leads in 
the pivoted support permitted quick and 
positive contact with the rings when the 
machine was stopped. The specimen 
was run until the temperature had come 
to equilibrium. Several readings for 
each load were taken by stopping the 
machine at 10-min. intervals. The tem- 
peratures drop very rapidly after stop- 
ping the machine indicating that only a 
small section attains the maximum tem- 
perature. Several organic compounds 
with known melting points were applied 
to the specimens. The temperatures 
indicated by this method checked the 
potentiometer readings very closely. 


The fatigue limits determined on ball- 
bearing machines operating at 10,600 
r.p.m. are comparable with those ob- 
tained on ball-bearing machines or plain- 
bearing machines operating at a lower 
number of cycles. The shape of the 
S-N diagram may be affected at stresses 
above the fatigue limit. This was not 
established by these tests. 

The temperature rise in the section of 
the specimen subjected to the maximum 
stress increases with an increase in fre- 
quency, but the fatigue limit is not 
affected. 

The forged aluminum alloy 27S-T has 
a fatigue limit which has been established 
as satisfactorily as the fatigue limits of 
other metals. 


Conclusions: 
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DISCUSSION 


Mr. R. L. TEMPLIN:! The authors 
of this paper have used one of the more 
common types of notches, but the re- 
sults obtained with such a notch obvi- 
ously do not show what reductions in 
fatigue limits may be expected when 
other forms of notches are used. The 
form and size of notch used are quite 
similar to those of the notch we have 
used in the Aluminum Research Labora- 
tories, as reported previously before this 
Society.2, In our own notch-fatigue 
tests we do not expect to get quantita- 
tive values for design purposes but use 
the results as criteria of the notch sensi- 
tivity of the various grades and tempers 
of aluminum alloys. If the results are 
used in this way rather than quantita- 
tively, as many designers would like to 
use them, they serve a very useful pur- 
pose. It is very difficult to select quan- 
titative values from laboratory fatigue 
tests, which can be used as design values 
_ in actual engineering structures. 

I should like to ask the authors if 
they have made any high-speed fatigue 
tests on alloys which have fatigue limits 
appreciably above their proportional 
limits. Apparently no such data are 
given in the paper. 

Mr. Rupotr K. 
made tests similar to those described by 
Messrs. Oberg and Johnson, rebuilding 
completely the old R. R. Moore fatigue 
machine in order to obtain higher speeds 
and to shorten the time for testing. 


1Chief Engineer of Tests, Aluminum Company of 
America, New Kensington, Pa. 

2R. L. Templin, “The Fatigue Properties of Light 
Metals and Alloys”, Proceedings, Am. Soc. Testing Mats., 
Vol. 33, Part II, p. 364 (1933). 

3 Consulting Engineer, Baldwin-Southwark Corp., 
Philadelphia, Pa. 


First of all, the important question to be 
decided was whether these higher speeds 
have any influence on the results. The 
highest frequency obtained was 15,000 
r.p.m. The standard high-speed R. R. 
Moore fatigue machine now has a range 
of from 1000 to 10,000 r.p.m. I made 
a considerable number of tests with 
specimens of various carbon steels and 
different types of brass—both plain and 
notched specimens—and could find no 
substantial difference in the fatigue limit 
for the speed range up to 10,000 r.p.m. 
These results coincide very well with the 
statements made by Messrs. Oberg and 
Johnson. 

Mr. H. B. Wisnart* (by /etter).—The 
question most frequently arising when 
high-speed fatigue testing is mentioned 
is: What effect does the increased speed 
have on the endurance limit of metals? 
The authors present data showing that 
for speeds of testing up to 10,600 r.p.m. 
no appreciable change was noted in the 
endurance limit of the metals reported. 

The writer has made a number of tests 
on high-speed fatigue machines and on 
one or two occasions has found that the 
endurance limit as determined at 10,000 
r.p.m. and 3600 r.p.m. has varied as 
much as 10 per cent. There are some 
experimenters who would condemn the 
high-speed machine for this variation. 
However, when all points are considered 
it is to be remembered that there are at 
present no standards for making fatigue 
tests. Results obtained from the high- 
speed machine could be considered 
standard tests as much as the results 


4 Metallurgist, Carnegie-Illinois Steel Corp., Gary 
Works, Gary, Ind. 
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from the low-speed machine, the ad- 
vantage of the high-speed machine being 
that an endurance limit based on 10,000, 
000 cycles can be determined for most 
ferrous metals in one-fourth the time 
of the low-speed machine. 

The chief objection to the use of 
fatigue testing in industry is the slow- 
ness of the test when speeds of 1750 or 
3450 r.p.m. are used. Therefore, every 
means should be used in order to increase 
the speed of making fatigue tests within 
the limits of obtaining consistent and 
comparative results. The authors have 
made a good start in this direction and 
are to be complimented on their develop- 
ment of a machine for this purpose. 
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Messrs. T. T. Operc® J. B. 
Jounson® (authors’ closure, by letter). 
The authors do not recommend using 
the results of notch-sensitivity tests, 
quantitatively, for design purposes, but 
have found that the notch used in this 
investigation gives a fair measure of the 


notch-sensitivity of material, that is, 


the resistance to failure from fatigue 
when stress raisers are present at the 
surface of the part. 

The corrosion-resistant steel and In- 
conel, Tables I and II, have fatigue 
limits above their proportional limits 
(set = 0.00005 in.) 


’ Materials Testing Engineer, Air Corps, and Chief, 
Material Branch, respectively, Wright Field, Dayton, Ohio. 
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FOR TESTING METALS AT ELEVATED 


A FATIGUE MACHINE 
TEMPERATURES 


By F. M. Howe tt! anp E. S. Howartu! 


SYNOPSIS 


This paper describes and discusses in some detail a fatigue machine for 
testing metals at elevated temperatures. The specimen used is part of a 
cantilever beam, one end of which is fixed in the electrically heated furnace. 
While the specimen is entirely within the furnace, the deflected beam assembly 
extends outside the furnace wall and is revolved in a circle by a variable ec- 
centric driven at 3600 r.p.m. A unique calibration apparatus is used to load 
the specimen and to measure the resulting deflection while the machine is in 
operation. From the load-deflection relationship thus obtained, the stress in 
the test specimen can be calculated. 

The method of temperature control is described. Specimen temperatures 
from room temperature to 600 F. can be controlled within +2 deg. Fahr. 

Errors due to speed effect, misalignment, variation in specimen size and 
method of stress calculation are discussed. These errors indicate that the 


Considerable tension- and creep-test 
data have been obtained on aluminum 
alloys at elevated temperatures, but 
largely because of inadequate testing 
equipment little reliable work has been 
done to determine the effect of elevated 
temperatures on the fatigue properties 
of these alloys. One of the recent addi- 
tions to the equipment of the Aluminum 
Research Laboratories has been four 
high-temperature fatigue machines 
which are being used at present to inves- 
tigate the fatigue properties of aluminum 
forging and casting alloys employed 
primarily in aircraft-engine construction. 
The machines are, however, suitable for 
testing other metals and alloys. 

1 Engineer of Tests, and Research Engineer, respec- 


tively, Aluminum Research Laboratories, Aluminum 
Company of America, New Kensington, Pa. 
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/ maximum stress in the specimen can be calculated within +3 per cent. 
Calibration curves and results of fatigue tests on one of the commercial 

1 aluminum alloys representative of the type of data obtainable are included. 


It is the purpose of this paper to 
describe and discuss these testing ma- 
chines and the auxiliary calibration ap- 
paratus used in running the fatigue tests 
at elevated temperatures. The data and 
results for one wrought aluminum alloy, 
Alcoa 17S-T, are presented merely to 
demonstrate the method of stress cal- 
culation and to indicate the type of data 
obtainable. 


DESCRIPTION OF THE TEST — 


The high-temperature fatigue ma- 
chines here discussed were developed 
from a preliminary experimental unit of 
the rotating-beam type which has been 
previously described.2 The preliminary 


2R. L. Templin, “The Fatigue Properties of Light 
Metals and Alloys,” Proceedings, Am. Soc. Testing Mats. 


Vol. 33, Part IT, p. 364 (1933). 
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unit was unsuccessful because the bear- 
ings which were contained within the 
furnace did not operate satisfactorily at 
the required temperatures. From this 
experimental unit, however, there was 
developed the fixed cantilever-beam type 
machine with all bearings outside the 
furnace so that no bearings are required 
to operate at or near the temperature of 
the specimen. A machine of this general 
type has been used in the Fatigue of 
Metals Laboratory of the University of 
Illinois for tests at room and elevated 
temperatures. While the specimen is 


entirely within the furnace, the deflected 
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Fic, 2. 
Temperature Fatigue Machines. 


Details of Specimens Used in High- 


end of the cantilever-beam assembly ex- 
tends outside the furnace wall and is 
revolved in a circle by a variable eccen- 
tric driven at 3600 r.p.m. 

The general drawing of one of the 
units is shown in Fig. 1. In the center 
of the well-insulated furnace box is the 
rigid specimen vise V which is fastened 
to the cast iron base by supporting legs 
which extend through the bottom of the 
furnace. Surrounding the vise is the 
sheet-metal baffle box B which has a 
hole in the right end at the circulating 


_ #H. F. Moore and N. J. Alleman, “Progress Report on 
Fatigue Tests of Low-Carbon Steel at Elevated Tempera- 
tures,” Proceedings, Am. Soc. Testing Mats., Vol. 31, 
Part I, p. 114 (1931). ; 
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fan F and another in the left end through 
which the cantilever beam passes. The 
air is drawn from the inside of the baffle 
box by the fan and is passed over the 
electric strip heaters /7, located on the 
front and rear furnace walls, to the 
left end where it reenters the baffle box, 
passing around the specimen S$ which 
is clamped rigidly in the specimen vise. 
By this arrangement the air is constantly 
heated and circulated. Just inside the 
hole in the left wall of the baffle box is 
the element of the thermoregulator 7 
used for automatically controlling the 
air temperature. Bolted to the left 
furnace wall, but electrically insulated 
from it, is the stop ring R through which 
the specimen assembly passes before ex- 
tending through the baffled hole in the 
furnace wall to the outside. This ring 
is part of the electrical apparatus used 
as an automatic shut-off when the 
specimen breaks. 

The specimen assembly which forms 
the cantilever beam consists of the test 
specimen S, shown in detail in Fig. 2, 
the steel extension X, and the connecting 
nut D. The reduced section of the 
specimen is turned with a tool swung on 
a 36-in. radius. The dimensions of the 
tool establish the 3-in. fillets at either 
end of the reduced section. The inner 
end of the steel specimen extension is 
taper bored to receive the tapered end 
of the specimen which is drawn in tightly 
with the connecting nut. The outer 
end of the extension is turned to fit the 
bore of the self-aligning bearing of the 
variable eccentric E, which is keyed 
concentrically to the drive-motor shaft. 
With the variable eccentric set at a given 
deflection, the end of the specimen 
assembly is moved in the path of a circle 
when the drive-motor shaft is rotated. 
This motion of the specimen assembly 
will be referred to as oscillatory. The 
constant-deflection method of loading 
provides for one complete reversal of 
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stress with each revolution of the motor 
shaft as indicated to the nearest 100 by 
the worm-driven counter NV. 

The variable eccentric E was designed 
to counter-balance automatically the 
centrifugal force of the oscillating speci- 
men assembly on the eccentric bearing. 
By removing metal from the motor end 
of the bearing cavity, the eccentric was 
made dynamically off balance so that 
for any deflection the off-balance force 
of the eccentric would be equal and 
opposite to the radial force necessary to 


Start -Stop Switch 
Relay 


keep the end of the specimen assembly 
in its circular path. Without such a 
design the radial load on the motorshaft 
would produce excessive vibration. 
Figure 3 is the wiring diagram for one 
of the units from which the electrical 
equipment will be explained. The 
power supply for the test units is 220-v., 
0-cycle, three-phase alternating cur- 
trent. Control over each unit is at- 
tained by means of the start-stop switch 
which operates in conjunction with the 
Magnetic switch. When the _ start 
button is pressed, the fan motor is 
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started and power is available to the 
switches controlling the drive motor and 
the strip heaters. Heater a is always 
controlled by the  thermoregulator 
through the temperature-control relay 
while 6 can also be automatically con- 
trolled if desired. Heaters c and d are 
either on or off all of the time, depending 
on the temperature to be maintained. 
The stop ring is connected through the 
magnet coil of the relay to the 12-v. 
secondary of the transformer, one end of 
which is grounded. When the oa 


| 


7 
[ Temperature 


Control Unit 


Fic. 3.—Wiring Diagram for High-Temperature Fatigue Machine. 


breaks, the extension touching the stop 
ring completes the circuit to ground, 
causing the magnetic switch to open, 
thus disconnecting the entire unit from 


the power supply. 


For the results of elevated-tempera- 
ture fatigue tests to be reliable, not only 
must the imposed stress be known accu- 
rately, but also the temperature of the 
test specimen must be maintained at the 
desired value. In order to determine 


TEMPERATURE MEASUREMENT AND 
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how well the latter requirement can be 
carried out, consideration must be given 
to the means of temperature measure- 
ment, the temperature distribution and 
the limitations of the temperature-con- 
trol apparatus. 


Numerous temperature surveys have 
been made using a standard specimen 
provided with four embedded thermo- 
couples, one located in the shank of the 
specimen and the other three spaced 
along the reduced section. Air tem- 
perature was also measured at the ele- 
ment of the thermoregulator with a 
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thermocouple. These surveys, which 
were made at specimen temperatures 
ranging from 300 to 500 F., using various 
strip heater arrangements, showed that 
by providing each test specimen with a 
thermocouple embedded in the cyl- 


Fic. 4.—Calibration Apparatus for High-Temperature Fatigue Machines. 


indrical shank, the temperature of the 
specimen in the vicinity of the section 
of maximum stress can be controlled 
within +2 deg. Fahr. The difference 
between the shank temperature and 
reduced section temperature is obtained 
from the temperature surveys. 

The four 250-watt electric strip heat- 
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ers have enough heating capacity to raise 
the specimen temperature to about 
950 F., but the thermoregulator is capa- 
ble of controlling only from room tem- 
perature to 600F. Revision of the 
temperature-regulation apparatus would 
be necessary if test temperatures ex- 
ceeding 600 F. were to be used. 


CALIBRATION APPARATUS 


The magnitude of the maximum stress 
imposed on the test specimen in terms 
of the deflection of the beam assembly 
cannot be calculated accurately by an 
analytical solution because of the nature 
of the beam and the difficulties en- 
countered in determining the moduli of 
elasticity at the elevated temperatures. 
For this reason the calibration appara- 
tus shown in Fig. 4 was developed. Its 
purpose is that of determining the load 
at the variable eccentric bearing cor- 
responding to the resulting deflection 
of the beam. Use of this load and the 
flexure formula then can be made to 
determine the stress at any cross-section 
of the specimen. 

In order to eliminate any creep effect 
in obtaining the load-deflection relation- 
ship, the calibration apparatus was de- 
signed so that the specimen might be 
loaded and the resulting deflection meas- 
ured while the machine is in operation. 
In Fig. 4 the calibration apparatus has 
heen shifted along the base keyway 
away from the working position to show 
the details of the load wheel L, the 
feeler gage assembly //, and the auxiliary 
drive motor M. For calibration tests 
the entire assembly is slid into position 
so that the end of the beam 7, protrud- 
ing from the furnace wall, enters the 
bore of the self-aligning bearing B carried 
by the load-wheel crosshead X. The 
load-wheel spring S, which bears against 
the crosshead, can be adjusted to the 
desired loads as indicated by the de- 
formation of the spring measured with a 
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dial gage, the stem of which is placed 
inside the spring assembly. Rotation 
of the load wheel then applies a radial 
load to the end of the specimen assembly. 
Although the load wheel is mounted on 
the drive-motor shaft in place of the 
variable eccentric FE, it is revolved at 
about 300 r.p.m. by a belt drive from 
the auxiliary motor rather than at 3600 


_r.p.m. by the drive motor. 


The resulting amplitude of oscilla- 
tion, which is twice the deflection, is 
measured with the feeler gage assembly 
H in front of the load wheel. The two 
electrically insulated vertical feelers 
are mounted on individual horizontal 
slides which are actuated through lead 
screws by the knurled knobs K. Con- 
tact between the feeler points and the 
oscillating specimen assembly is indi- 
cated by completion of a circuit through 
1-watt neon lamps in the 110-v. a.c. 
line. Amplitude of oscillation is meas- 
ured by the dial gage G, supported on one 
slide. The tip of the gage rests against a 
rod carried by the other slide. 


CALIBRATION AND TEST PROCEDURE _ 


The procedure in running the fatigue 
tests is that of using one of the group of 
specimens of the material to be tested to 
determine the nominal stress-amplitude 
of oscillation relationship at the test 
temperature. This relationship is then 
made use of to impose the desired 
stresses on the remaining specimens to 
be tested in fatigue. Nominal stress is 
calculated as the maximum fiber stress 
at the section of minimum diameter. 
The relationship between nominal stress 
and load-spring deformation is easily 
found by combining the flexure formula 
and the load-deformation calibration of 
the load spring. 

The specimen to be calibrated is 
heated to the test temperature in the 
machine which has been equipped with 
the calibration apparatus. Increments 
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Fic. 5.— Stress-Amplitude of Oscillation Curves for High-Temperature Fatigue 
Alcoa 17S-T Wrought Aluminum Alloy. 
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Fic. 6.—Elevated and Room Temperature Fatigue Tests for Alcoa 17S-T Wrought 
Aluminum Alloy. 
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of stress are applied by adjusting the 
load spring, the deformation of which is 
measured only in the horizontal plane to 
eliminate the effect of the dead weight 
of the specimen assembly and _load- 
wheel crosshead. After each spring ad- 
justment, the load wheel is rotated by 
the auxiliary motor and the resulting 
amplitude of oscillation is measured by 
running up the feelers until they contact 
the oscillating specimen extension and 
then backing them off until contact no 
longer is made. Plotting the data thus 
obtained results in the nominal stress- 
amplitude of oscillation relationship. 
Having calibrated one specimen of the 
lot to be tested, determination of the 
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for these high-temperature fatigue ma- 
chines is shown in Fig. 5. These par- 
ticular curves are the results of calibra- 
tions made on a wrought alloy of the 
duralumin type (Alcoa 17S-T) at 300, 
400 and 500 F., but are representative of 
the general type of curves obtained on 
other aluminum alloys. The change in 
slope of the curves with increase in tem- 
perature is indicative of the decrease in 
modulus of elasticity. 

Fatigue tests are run at amplitudes of 
oscillation chosen from Fig. 5 to give 
the desired stress in the test specimen. 
This stress and the counter reading at 
specimen failure are plotted to semi- 
logarithmic coordinates as shown for 


TABLE I.—-PROPERTIES OF 17 S-T Rop at Room AND ELEVATED TEMPERATURES.” 


300 F. 400 F. 500 F. 


Heating period before tension test, days 
Tensile strength, lb. per sq. in 
Yield strength (0.2 per cent set), lb. per sq. in 
Elongation in 2 in., per cent 


Percentage of room-temperature endurance limit 
Endurance ratio 


200 

12 750 
9 700 
38 


00 100 
15 000° 


4 500 
100 3 30 
0.25 0.35 


® Tensile properties taken from “Properties of Wrought Aluminum Alloys at Elevated Te sa canal . nad I’. M. Howell 


and D. A. Paul, Metals and Alloys, October, 1935, p. 284. 
’ Endurance limit based on 500,000,006 Ycycles. 
© Tested in R. R. Moore rotating-heam fatigue machines. 
Ratio of endurance limit to tensile strength. 


S-N curve is the next objective. The 
calibration apparatus is replaced by the 
variable eccentric so that fatigue tests to 
fracture may be conducted at 3600 
cycles of stress per minute. The vari- 
able eccentric is set to impose the de- 
sired stress by the use of a flat-tipped 
dial gage which measures the amplitude 
of oscillation at the same position at 
which it was measured with the feeler 
gage assembly during calibration. Each 
test is started from a zero counter read- 
ing and is automatically concluded when 
the specimen breaks. 


CALIBRATION AND FATIGUE TEST 
RESULTS 


The type of stress-amplitude curves 
obtained with the calibration apparatus 


Alcoa 17S-T in Fig. 6. These fatigue 
curves are accompanied by the room- 
temperature, rotating-beam fatigue 
curve, obtained using machines of the 
R. R. Moore type, to show more com- 
pletely the effect of the elevated tem- 
peratures on the fatigue properties. 

The relationship between the fatigue 
properties and the tensile properties are 
shown in Table I. As indicated in this 
table, the fatigue specimens were con- 
ditioned for the fatigue tests by heating 
for a long time at the testing tempera- 
ture. This stabilizing treatment is nec- 
essary to insure no appreciable change in 
physical properties due to the prolonged 
heating during the fatigue tests. The 
heating period necessary to reach ap- 


proximate physical property equilibrium 


| 
58 965 40200 | 25000 : 
33500 | 20.000 


was determined from tension tests made 
after prolonged heating.* The values 
given for the elevated-temperature en- 
durance limits are based on the in- 
complete fatigue curves projected to 
500,000,000 cycles. It is of considerable 
interest to note the apparant sharp 
increase in endurance ratio from 0.25 
at room temperature to an average value 
of 0.36 at the elevated temperatures. 
In calculating the room-temperature 
endurance ratio, no allowance has been 
made for the fact that the temperature 
of the R. R. Moore rotating-beam fatigue 
- specimen is somewhat greater than room 
temperature because of the heat con- 
ducted from the bearings and the heat 
generated in the specimen. Use of the 
tensile strength of the material at the 
temperature of the fatigue test specimen 
would probably raise the endurance ratio 
slightly. It is believed that too close 
comparisons cannot be made between the 
"room-temperature and_ elevated-tem- 
_ perature endurance ratios because the 
fatigue tests were conducted in differ- 
ent type machines. Room-temperature 
tests using the elevated-temperature 
machines are planned but have not 
actually been made at this time. 


ACCURACY OF CALIBRATION AND 
Test DATA 


The test results obtained with this 
- equipment are accurate and consistent. 
An effort has been made to investigate 
all possible sources of error in calibra- 
tion and test. One of the greatest of 
_ these is in the alignment of the drive 
motor. In order to insure complete 
stress reversal the amplitude of oscilla- 
tion must be twice the maximum de- 
flection of the specimen assembly. This 
accomplished by substituting a 


4 F. M. Howell and D. A. Paul, “Properties of Wrought 
Aluminum Alloys at Elevated Temperatures,” Metals and 
Alloys, October, 1935, p. 284. 
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straight piece of steel drill rod for the 
specimen assembly and aligning the 
drive motor horizontally, vertically and 
angularly so that its axis and that of the 
drill rod form a straight line. The 
center of oscillation then corresponds to 
the zero stress position of the specimen 
assembly. The maximum vertical de- 
flection of the aligning rod under its 
own weight is less than 0.001 in. 

The method of stress calculation also 
provides sources of error. An investiga- 
tion of the stress distribution in the 
specimen showed that the maximum 
fiber stress is about 2 per cent greater 
than the nominal stress (maximum fiber 
stress at section of minimum diameter). 
The nominal stress, however, is calcu- 
lated from room-temperature dimensions 
instead of the dimensions of the heated 
specimen which should be used. The 
error thus encountered depends upon the 
thermal expansion of the specimen. For 
aluminum alloys at 500 F., this expan- 
sion reduces the stress about 2 per cent 
so that at this particular temperature 
these errors cancel each other. 

Specimen size cannot be held to 
exactly the specified dimensions. A max- 
imum variation of +0.002 in. has been 
found in the 150 specimens machined 
until the time of this report. Calcula- 
tions show that use of the calibration 
curve for a specimen of specified di- 
mensions in determining the stress in 
other specimens within the machining 
tolerances introduces an error not ex- 
ceeding 0.5 per cent. 

Two investigations have been carried 
out to determine the effect of the centrif- 
ugal force of the mass of the oscillating 
specimen assembly on the stresses in the 
specimen. One proved that the ampli- 
tude of oscillation for a given eccentric 
setting remained the same whether the 
eccentric was turned over slowly by 
hand or driven at a speed of 3600 r.p.m. 
The other showed that the shear stress 
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due to the centrifugal force increases the 
fiber stress about 1 per cent. 

The errors arising from personal ele- 
ments connected with running the tests, 
such as aligning the motors, setting the 
eccentrics and obtaining values from 
the calibration curve, should not exceed 
2 per cent. Considerations of these 
errors along with the other experimental 


errors, some of which are counteractive, 
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indicate that the total error in any test 
should not exceed 3 per cent. 
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DISCUSSION 


Mr. H. F. Moore! (presented in writ- 
ten form).—The fatigue testing machine 
described by Messrs. Howell and 
Howarth is an elegant and, as judged by 
its calibration, accurate machine of the 
constant-strain (or constant-deflection) 
type. It differs in type from the 
machine developed at the University of 
Illinois, which utilizes a rotating spring 
to apply load to the specimen, and, by 
checking up the deflection of this load- 
ing spring at intervals, a fatigue test can 
be run under very nearly constant-stress 
conditions. Whether there is any dif- 
ference between fatigue limit determined 
by a constant-strain machine and one 
determined by a constant-stress ma- 
chine is not certain, although a few tests 
at the University of Illinois indicate 
that there may be a slight difference. 
The results of tests of Alcoa 17S-T 
run on the machine described by Howell 
and Howarth at room temperature would 
be of interest for comparison with the 
results of the tests of that metal in an 
R. R. Moore rotating-beam fatigue test- 
ing machine. 

Mr. H. J. Goucn.?—In offering my 
congratulations to the authors for an 
excellent paper, I would express a need 
for caution in interpreting the results of 
fatigue tests made at elevated tempera- 
tures, especially when reversed flexural 
stressing is employed. The data pre- 
sented, when plotted in the form of 
S-N curves, show no real approach to a 
limiting range of stress, although the 

1 Research Professor.of Engineering Materials, University 
of Iinois, Urbana, Ill. 

2 Superintendent, Engineering ~~ National Physical 


Laboratory, Teddington. Middlesex, Englan 


dotted extensions to the curves of Fig. 6 
suggest that the authors expect these 
curves to become parallel to the S axis. 
Such expectation may seem warranted 
from experience with the majority of 
metals tested under fatigue stressing at 
air temperature, although it will be 
recalled that lead forms a notable excep- 
tion, no fatigue limit having yet been 
found for that metal. As the test tem- 
perature is raised, an increasing number 
of metals and alloys tend to behave in 
a manner similar to lead at air tem- 
perature; in fact, the term “elevated 
temperature” has no general meaning 
and probably is a quantity which must 
be considered, in any particular case, 
in relation to the melting point of the 
metal and the absolute zero of tempera- 
ture. Our experience has taught us that 
when fatigue tests are made at a tem- 
perature within the “creep field” of the 
material investigated, an erroneous con- 
clusion may easily be drawn if specimen 
endurances only are considered. There 
is no doubt that a “speed effect” exists 
when creep is in operation, tending to 
suppress and delay total deformation 
and fracture. For instance, tests at the 
National Physical Laboratory have 
clearly shown that steels and light alloys 
may be subjected without fracture to 
many millions of cycles of a range of 
pulsating direct stresses, the minimum 
stress of which cycle, if applied as a 
static load, would produce extension 
and fracture in a comparatively short 
time. In such cases, it is our practice 
to record the changes in total length of 
the specimen during the fatigue test; 
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if creep is still in operation, especially 
if it is of such an amount as to indicate 
that static failure is inevitable under 
prolonged testing, the fact that the 
specimen is still unbroken in the fatigue 
machine can have little real significance 
in design where the fatigue stressing may 
be intermittent or of lower frequency. 
There is an increased probability of 
anomalous results if such high-tempera- 
ture fatigue tests are carried out using 
flexural stressing. 

I, therefore, wish to urge that, in the 
field of testing at elevated temperatures, 
the creep and fatigue properties must be 
studied jointly and correlated, if reli- 
able data are to be obtained. 

Messrs. F. M. Howe tt’ and E. S. 
HowartH® (authors’ closure, by letter).— 
Inasmuch as the testing machines with 
which this paper is concerned have been 
operating only a short time, extensive 
data have not been obtained. Although 
tests at room temperature have not yet 
been carried out in these elevated- 
temperature fatigue testing machines, 
plans have been made. to conduct such 
tests so that a comparison can be made 
with the results of tests conducted in R. 
R. Moore fatigue testing machines. Such 
a comparison may not show clearly the 
relationship between endurance prop- 


_ Engineer of Tests, and Research Engineer, respectively 
Aluminum Research Laboratories, Aluminum Company of 
America, New Kensington, Pa. ae 
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erties as determined by constant-deflec- 
tion and constant-stress methods be- 
cause of the fact that heat generated 
in the bearings of the R. R. Moore 
fatigue machines raises the temperature 
of the test specimen considerably above 
room temperature while in the machine 
which this paper discusses, such is not 
the case. It might be worth while to 
repeat the specimen calibration at vari- 
ous times during the progress of the test 
to determine whether or not there are 
any changes in the load-deflection rela- 
tionship. 

The authors agree whole-heartedly 
with Mr. Gough in his discussion of the 
application of the results of fatigue 
tests. Quite naturally in the design of 
any mechanism or structure, all of the 
properties of the material must be 
considered. In elevated-temperature 
applications, consideration is given pri- 
marily to the creep and fatigue charac- 
teristics of the material under the load- 


ing conditions assumed. 
As stated in the paper, the fatigue 
curves are given merely for illustrative 


purposes. Possibly the dotted exten- 
sions of the curves are not good esti- 
mates of what will be obtained. It is 
planned to carry the tests out to larger 
numbers of cycles but, of course, there is 
no assurance that the curves will be- 
come horizontal. 
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SYNOPSIS 

As increasing amounts of information on the subject of creep are being T 

~ accumulated, relaxation, which is a manifestation of creep, is beginning to stre: 

attract more and more attention. The phenomenon of relaxation is exhibited rela 

when a material is stretched to, and then held at, a given extension. Creep ae 
immediately begins to take place, and this tendency to elongate causes the a 

_ stress within the material to decrease. This reduction in stress may be ob- vad 

served particularly in the case of bolts. It is common knowledge that bolts, proc 

: which originally have been drawn up tightly, frequently are found to have the: 

loosened considerably after long service at high temperatures. A knowledge expe 

: ' of the laws which govern the decrease of stress should be of much practical scril 

interest, but in addition it should also bring about a clarification and an exten- obta 

~ sion of the whole picture of creep. The present paper is intended to present thar 

an approach to the problem of relaxation based on general principles. To time 

_ obtain the experimental data a special automatic machine was designed and S1 

built. Copper was employed in testing because, being a fairly pure material, of R 

its use seemed to present a means of studying the problem without giving rise ae 

to involved additional effects. ‘The paper furnishes experimental information eng 

upon the interdependence of such factors as stress, temperature, time, and the by | 

; - amount of cold work. ther 

com 

INTRODUCTION long-time creep test in which the test first 

With the present-day tendency in specimen, held at constant temperature, gene 

various industries to employ higher is allowed to creep (or elongate) under ome 

; _ temperatures, it is becoming of greater the action of a constant load. , 

. importance to investigate the behavior When a metal is subjected in practice diffe 

q of metals at elevated temperatures more to conditions similar to those under van 

extensively than was necessary in the which it is tested in the ordinary long- stret 

\ past. time creep test, such tests furnish good fram 

In the study of the mechanical proper- and _ reliable information. In many weig 

ties of metals at elevated temperatures, applications, however, the conditions hs 

the method most usually adopted is the of service are somewhat different from any 

"The work reported in this paper was done under a those which prevail in the usual creep pl 

the years 1955-1936 and was carried out with the faciitie, test. For example, bolts tightened on leng 

the Laboratories ofthe Westinghouse two relatively rigid flanges and held ata 

Dr “A Nada of the Westinshouee Research §iVen temperature will have their length 

whe the work asit progressed. kept practically constant but their 

ngineering Foundation, New York City. Present - lor De 

connections: Research Engineer, Research Laboratories, stress will be found to decrease. The Procees 

Westinghouse Electric and Manufacturing Co., East Pitts- p. 285 


burgh, Pa. 


question then arises as to whether the 
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decrease in stress can be predicted from 
creep tests. To answer this query it is 
of course necessary to determine the 
manner in which the stress decreases by 
conducting tests under the same condi- 
tions as those to which a bolt is sub- 
jected. Such an investigation may also 
provide an answer to the converse 
question as to whether, from a knowl- 
edge of the decrease of stress at constant 
length, the creep under constant stress 
can be determined. 

The phenomenon of the decrease of 
stress at constant length has been called 
relaxation. Some investigation of this 
phenomenon has been made but few of 
the methods used have attempted to 
produce pure relaxation conditions. In 
the majority of instances, the goal of the 
experimentation has not been to de- 
scribe the laws of relaxation but to 
obtain creep data in a more rapid way 
than was possible from tedious long- 
time creep tests. 

Such was the aim in the experiments 
of Rohn,’ where an apparatus kept the 
length of a loaded test specimen constant 
by lowering the temperature so that the 
thermal contraction due to cooling just 
compensated for the extension due to 
creep. This was probably one of the 
first experimental approaches to the 
general problem, but the method gives 
results that are difficult to interpret. 

Barr and Bardgett* introduced a 
different scheme in which the test speci- 
men and a calibrated weigh-bar were 
stretched together in a rather rigid 
frame. As the test specimen crept, the 
weigh-bar would contract elastically and 
the stress would decrease. Disregarding 
any flexibility in the frame, this method 
consists essentially in keeping the total 
length of the test specimen and weigh- 

*W. Rohn “Creep Stress Determinations,” The Metal- 
lurgist, February, 1930, p. 22. 

*W. Barr and W. ’E. Bardgett “An Accelerated Test 
for Determining the Limiting Creep Stress of Metals,” 


Pr wceedings, Inst. Mechanical Engrs. (British), Vol. 122, 
p. 285 (1933). 
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bar constant. These are not pure 
relaxation conditions for, even with a 
perfectly rigid frame, the test specimen 
must become longer if the stress in the 
weigh-bar is to decrease. In addition 
there are the disturbing effects due to 
any flexibility of the frame and changes 
of length caused by temperature varia- 
tions. 

More recently, direct measurements © 
on relaxation in bolts under tension at 


high temperatures have been made by 


N. L. Mochel and C. R. Soderberg at 
the South Philadelphia Works of the 
Westinghouse Co. This work is still in 
progress. 
VM 
Length lo - Extension _ 
| (Exaggerated) 
le -Stressed Length 
Elastic 


tion 


Fic. 1.--Stress Extension Diagram for a Bolt 


Tightened on Rigid Flanges. 


Relaxation tests have also been made, 


recently, at Harvard University with an 
apparatus operating in torsion, which — 
was designed by Doctor Nadai and Mr. R. 


Beeuwkes. Torsion measurements were 
suggested in order to eliminate disturb-| 
ances due to thermal expansion of the > 
frame. Results from this work have 
not as yet come to our attention. =~ 
During the past two years, relaxation - 
tests have been made at East Pittsburgh 
with an apparatus designed to eliminate 
the principal difficulties of former meth- 
ods. Special attention has been directed 
toward fulfilling the conditions of — 
relaxation, that is, measuring the rm 
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crease in stress while the length of the 
test specimen is carefully kept constant. 
The principle of this special apparatus 
may be best understood by referring to 
Let a bolt of a given material 


ersion 


Ext 


Torta/ 


4o0ading 


Time 


Constant Extension Approximated by 
an Interrupted Creep Test. 


Upper Clamp 


+-+— Test Specimen 


Comparison 
Specimen 


furnace 
+ —Lower Clamp 


|-—Loaading Clamp 


-- Dial Gage (Extension) 


-—Contact 


Loading Spring 
Dial Gage (Load) 


Screw Drive 


=}+-Worm Drive 


+ Motor 


Fic. 3.—-Relaxation Apparatus. 


be stretched by tightening, from the 
unstressed length /, to the stressed 


then shown as OA. 


The stress-extension curve is 
If the load were 
the approximately 


length /. 


then removed, 


straight line AB would appear as the 


unloading curve. The elastic portion 


_ of the extension, BC, would be regained, 


Same 
Material 


but the plastic part, OB, would remain 
as a permanent deformation. However, 
suppose the length / of the bolt were 
held constant for an indefinite time; the 
stress would then decrease but the 
extension would stay constant so that 
the unloading line would be represented 
by the vertical line AC. In the experi- 
ments to be described, the line AC, 
which represents the conditions of relax- 
ation, is approximated by a series of very 
small steps (those shown in the figure 
are very much exaggerated). The prin- 
ciple by which this was carried out in the 
special apparatus is as follows. The 
test specimen is first stretched to the 
length / after which the applied load 
causes the test specimen to creep, so 
that, at first, extension takes place at 
constant stress (line A-1 in Fig. 1). A 
portion of the load is then removed and 
the specimen contracts elastically along 
line 1-1’. The mechanism is designed to 
bring the length back to its initia] value 
l. Since creep also takes place at this 
reduced stress, extension again con- 
tinues along line 1’—2, but at a slower 
rate. At point 2, more of the load is 
removed and the cycle repeated indefi- 
nitely. By making the steps very small 
a true relaxation test is approximated 
and the decrease in stress with time may 
be observed. 

Figure 2 illustrates the relation be- 
tween extension and time for a succession 
of finite unloadings such as were con- 
sidered in Fig. 1. The lines A-1, 1’-2, 
2’-3, etc., are the creep curves corre- 
sponding to the lines having similar 
marking in the latter figure. 


APPARATUS 


Figure 3 isa diagrammatic sketch of the 
apparatus used. The gage length (A to 
B) is 20 in. and the specimens are 3’ in. 
in diameter. Comparison specimens are 
of the same material and diameter as 
the test specimen and equal in length to 
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distance AB. Extending from point 
B*downward, four steel rods carry the 
relative motion of points A and B out 
of the furnace to the dial gage. The 
gage is equipped with a contact which 
engages the pointer at a predetermined 
value of the extension. Establishing 
contact cuts out a 4 or 5-v. grid bias on a 
grid glow relay which in turn is con- 
nected to start the motor. Load is 
applied to the specimen at point C 
through the small frame and the springs. 
It is varied by the motor which drives 
the screw up and down, thus extending 
or releasing the springs. 

In normal operation the apparatus is 
quite sensitive. The dial gage will 
respond and cause the motor to operate 
on a change of length of about 1/75,000 
of an inch over the gage length of 20 in. 
(This corresponds to about 10 lb. per sq. 
in. change in stress.) The length of the 
test specimen is thus kept constant to 
within this limit. 

Considerable care was exercised in 
the design and construction of the fur- 
nace to insure uniform heat distribution 
and constant temperature. The furnace 
is 40 in. long, thus providing 10 in. of 
heated length beyond each end of the 
0-in. gage length of the test specimen. 
The heating element consists of 15 units, 
each with external taps for temperature 
regulation. Two concentric monel metal 
tubes, separated by an air space, sur- 
round the test and comparison speci- 
mens. Temperature may be kept con- 
stant to +0.5 deg. Cent. with regard to 
time and to +1 deg. Cent. along the gage 
length. 

In all tests, the specimen, with exten- 
someter in place, was put in the heated 
furnace and allowed to remain unloaded 
for 1 hr. before the testing load was 
applied. About 50 min. were required 
to reach a constant temperature. Tem- 
perature was controlled by a device 
employing the relative difference in 
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control were made by J. R. Gier of the Research Labora-— 
tories. 


expansion between a quartz rod 4tid a 
nickel tube. This operated a vacuum 
switch connected so as to interrupt the 
entire furnace current (4 to 8 amp.). 
The operation was very satisfactory and 
was practically independent of changes 
in room temperature.® 
PREPARATION OF TEST MATERIAL 
Copper was chosen as a test material 
because of its importance in electrical 
machinery as well as its relative sim- 
plicity. The material used in a large 
number of the room temperature tests’ 
was taken from the same reel of hard-— 
drawn 0.204-in. diameter copper wire. 
This was cut to length, heated by pass- 
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Time, min. 
Fic. 4. Typical Relaxation Curve for Copper. 
ing a current through it so that it could 
be readily straightened, and then an- 
nealed by heating to 570 C. for 2 hr. in an 


electric furnace with a hydrogen atmos- 


phere. 
From the results of tension and other 
tests, it later appeared that this copper 


was not entirely oxygen-free and that it - 
suffered a slight amount of embrittle- 
ment on the surface, for its strength was 
found somewhat reduced and its creep 


rate was observed to be increased. 


When this was discovered, a new copper 
was prepared but it was felt that the 
large amount of information obtained 
from the first copper was quite useful 
and should be included in the report. 


5 Recommendations as to the design of the temperature 


in 
r, 
re 
1e 
1e 
at 
ed 
ri- 
X- 
ry 
ire 
in- 
he § 
he 
he 
ad 
sO 
at 
A 
nd 
ng 
| to 
lue 
his : 
on- 
wer 
| is 
efi- 
ted 
nay 

be- 
sion 
rre- 

the 
4A to 
; in. 
; are 
r as 


© 3000 


Stress, | 
8 


ase in 


1000 


a 


05 


Boyp ON RELAXATION OF COPPER 


Imin. 2 


4 6 81Omin20 40 60 100min.200 400600 1000min. 


4000 6000 mira 


746 percent a* = 7450 /b per sq in 
Wa o* =86/0 


per cont o*= 9750 | 


2.43 percent o*= 1/860 


al elaxation | 
30sec. |min 5 10min. Ihr. 5 20 30 50 100 150 
Time 


Fic. 5.—Relaxation of Copper at Room Temperature 


Tested above the yield point. 
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First lot of test material. 
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Fic. 6.—Relaxation of Copper at Room Temperature. 
Tested below the yield point. 
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The curves shown in Figs. 4, 5, 6, 7, 8, 
and 9 are based on this material. 

For all other tests, the second lot of 
copper was used. This was carefully 
annealed between different passes in the 
drawing operation and then annealed 
in nitrogen at 650 C. for } hr. before it 
was prestretched preparatory to testing. 
A small number of tests was made with 
this second copper to check the results 
obtained with the first. These were in 
substantial agreement with the previous 
tests and indicated that only the tensile 
strength of the first material was some- 
what reduced due to the embrittlement 
on the surface which had reduced the 
area effective in carrying stress (com- 
pare Figs. 7 and 15). 


Test RESULTS 

Figure 4 shows a typical relaxation 
curve as it appears when plotted on 
ordinary stress-time coordinates. It will 
be observed that during the first portion 
of the test, creep is so rapid that the 
machine had to unload continually for 
about 20 sec. in order to bring the length 
of the test specimen back to its “‘con- 
stant length” value. The plotted points 
represent readings obtained each time 
the machine performed an unloading. 
Although this is the ordinary form of 
expressing the results, inferences drawn 
from certain theoretical considerations, 
as well as the need of compressing the 
time scale, led to plotting almost all of 
the data semi-logarithmically. 

To secure copper having various 
amounts of initial strain it was necessary 
to prestretch the test specimens in an- 
ther machine, so that the strain regis- 
tering capacity of the relaxation machine 
would not be exceeded. 

With a material in a prestretched or 
old-worked condition, the application 
of loads below the yield stress (see small 
sketch Fig. 5) is accompanied by a 
certain amount of relaxation or creep, 


but if the load exceeds the yield value, 


‘ 
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very much larger effects are observed. — 
To facilitate the description of tests 
conducted under these different condi-_ 
tions, the two following expressions have 
been introduced here. When the pre- 
stretched copper was loaded to a stress d 
below its yield stress it is described as 
being “‘tested below the ‘yield stress’ 
or point. When it was loaded to a 
stress above the yield value it is de- 
scribed as being “tested above the yield — 
stress.”’ 

Figure 5 shows a number of relaxation 
curves plotted semilogarithmically. All 


Percentage of Initial Stress \, 
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0 
_ 0 5000 10000 15000 20000 25000 40000 
Residual Stress, lb per sq. in 
Fic. 7.-Relaxation of Copper at Room 


Temperature. 
First test material. 


refer to copper tested above the yield 

stress. The values of the various initial > 
stresses and strains are marked on each 

curve. it is seen that the curves 
gradually straighten out as time in- 

creases. 

Figure 6 shows several relaxation 
curves for copper prestretched in the 
amounts of 3 and 11 per cent, approxi- 
mately. Again the curves straighten 
out with increasing time. 

Figure 7 has been plotted from the 
results of Figs. 5 and 6. The points 
plotted with a circle are taken from 


Bs 


7 
: 
4 
f. 
0 
n. 
0 


Boyp ON RELAXATION OF COPPER 
Imin. 2 4 6810min20 40 00min. 200 400 600 2000_4000 6000nin F 
el 
te 
gi 
30sec. Imin 2 4 6810mn. 20 40 Ihr 2 46810 3040 on 
Time ——> 
Fic. 8. -- Creep of Copper at Room Temperature. 
Tested above the yield point. First lot of test material 
4 6 810min.20 40 60 100mm. 200 400 1000min. 4000 6000min 
ol ! / in | | 
30sec. Imin. 2 4 6810mn.20 40 thr 2 4 310 60 “00 50 
Time ——_> 
_ Fic. 9. Aftereffect in Copper and Creep Below the Yield Point at Room Temperature. 
First lot of test material. 
42000 
28 000 |} 59 L 
= | on! | 
| 3/000 fp 
8 20 000 
| 
@ '6000 €* = 10.46 per cent 1525 | 
8000 
_ Imin. 5 10 Ihr. 5 10 Iday 5 10 50 100 lye. 5 10 20 1 
) 


Time 


Fic. 10. - Relaxation of Copper at Normal — rature. 
Tested above and below the yield point. 


» 
| 


Fig. 5 and represent the residual, reman- 
ent, or remaining, stress at a given time 
(1000 min., or about 17 hr.) for copper 
tested above the yield stress with the 
given initial stress. A rather unexpected 
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is not very important. For example, 
suppose three specimens had been pre- 
stretched to 3, 11, and 14 per cent, re- 
spectively, and that each had been 


subsequently loaded to an initial stress 
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result is that these points lie very nicely 


on a straight line. The other points 
are taken from Fig. 6. Here it will be 
seen that as long as the material is 
initially stressed to a load below the 
yield value, the amount of cold working 


Relaxation of Copper at 330 C. 
Tested above and below the yield point. 


= 
5 10 50 100 lyr. > 10 20 


of say 8000 Ib. per sq. in., — 
remanent stress after a given time would 
be substantially the same in each case. 
If the 3 per cent specimen had been 


brought to an initial stress of say 16,000 
lb. per sq. in., the yield stress would 
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have been exceeded and it would have measuring the strain and putting it on 
behaved as a bar tested above the yield the gage indicating the stress in such a 
stress. The curves shown in Fig. 7 are way as to restore the initial load as the 
for 1000 min. but a similar group exists _ bar crept. 
for any other amount of elapsed time. Figure 8 illustrates creep curves 
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Fic. 13.--Effect of Temperature on Relaxation Copper for a Given Amount of Prestretching. 
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To establish a correlation between 
relaxation and creep it was thought ad- 
visable to run creep tests on the same 
material in the same machine. The 
latter condition was made possible by 
removing the contact from the dial gage 
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Fic. 14. Relaxation of Copper at Various Temperatures. 
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determined in the above manner for 
copper tested above the yield stress. 
The dash line in Fig. 9 is also a creep 
curve, but for copper tested below the 
yield stress. Figure 9 shows in addition 
the aftereffect or recovery which occurs 
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when the load is removed. ‘These latter 
curves were obtained after unloading at 
the end of various relaxation tests. 
The comparative magnitudes of the 
aftereffect and the creep can be seen in 
this figure. 

After this series of comparative relaxa- 
tion and creep curves had been obtained, 
the succeeding tests were all conducted 
with the second lot of copper prepared 
as previously described. 

Figure 10 is a repetition of the room 
temperature relaxation tests using the 
new copper and plotting remanent stress 
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Fic. 15.—-Relaxation of Copper at Room 


Temperature. 


against time. Most of the tests had a 
duration of from one day to a week. 
Extrapolation has been carried out to 
20 yr. Figure 11 is similar to Fig. 10, 
but refers to a temperature of 180C. 
Figure 12 shows relaxation at 330C., 
with the rapid softening of the more 
highly prestretched material to be noted. 

The manner in which temperature 
alters the relaxation of copper having 
the same amount of cold work is shown 
in Fig. 13. For the temperatures of 
267, 300, and 330 C., an inflection point 
is clearly visible. The shape of these 
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curves forms the basis for extrapolating 
the curves for 220, 180C., and room 
temperature both in this figure as well 
as in Figs. 10, 11 and 12. 

If the remanent stress is expressed in 
percentage of the initial stress and 
plotted against time it will be found 
that the curves for copper tested above 
the yield stress at room temperature 
with various amounts’ of initial stress 
all lie on practically the same line (see 
Fig. 14). The same is true for copper 
tested below the yield stress. Thus 
two lines in this plot may be used to 
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Fic. 16.—Relaxation of Copper at Various 
Temperatures. 
After 1000 min. (approximately 17 hr.). 


represent the relaxation of copper at 
temperatures that are close to normal. 
For copper tested above the yield stress 
at room temperature an expression that 
fits those results quite well may be 
written in the form: 
= o* (1 — 0.045 logio (1 + 2.93¢)].. .(1) 
whereo =the remanent stress in 
pounds per square inch, 
the initial stress in pounds 
per square inch, and 
t = the elapsed time. 
At 180C. the lines for tests conducted 
above and below the yield stress are 
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farther apart for the smaller values of 
elapsed time and both sets tend to 
straighten out, then reverse their direc- 
tion of curvature as time increases. 
When the temperature is raised to 
330C., the curves for copper tested 
above the yield stress and having 
different amounts of cold work no longer 
lie along one line but become consid- 
erably separated. The same is true in 
the case of copper tested below the yield 
stress. ‘The cause of separation lies in 
the fact that the more highly cold- 
worked material softens more readily 
than that which is less cold worked. 
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Fic. 17.-The Effect of Temperature on the 
P 
Relaxation of Copper for Various Amounts 
of Prestretching. 


In Fig. 15, the relation between 
remanent stress and initial stress is 

shown for room temperature. The 
curves for 20 yr. (extrapolated from 
Fig. 10) are of the same form as those for 
the observed time of 17 hr. If these 
results are compared with those of the 
first copper, very little difference will be 
noted (compare Figs. 7 and 15). 

Figure 16 shows the remanent stress 
plotted against initial stress for various 
temperatures. With increasing temper- 
ature the lines can be seen to become 
more and mofge curved. There is also 
the disturbing effect produced by the 
more rapid softening of the material 


which has had the greater amounts of 
cold work. 

Figure 17 shows the influence of 
temperature upon the relaxation of 
copper having different amounts of cold 
work. In this plot the remanent stress 
is shown as a percentage of the initial 
stress for different periods of elapsed 
time. From a practical point of view, 
the amount of relaxation taking place in 
10 min. or even in 100,000 min. (approx- 
imately 70 days) would not be of as 
much interest ordinarily as that which 
would occur in 10,000,000 min. (approx- 
imately 20 yr.). With this thought in 
mind, the curves for 10,000,000 min. 
would indicate that raising the tempera- 
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Fic. 18.—Stress-Strain Diagram for Copper. 


ture above about 80 C. causes a marked 
increase in the amount of relaxation 
which takes place. The curves shown 
in Fig. 17 all refer to copper tested above 
the yield stress. Very similar curves 
would be found for copper tested below 
the yield stress but the remanent stress 
would be from 5 to 15 per cent higher. 


UsE OF THE CURVES 


The tests just discussed have been 
designed to survey the field of relaxa- 
tion in copper in a somewhat general 
way. The more important influences of 
stress, temperature, and amount of cold 
work upon one another have been in- 
vestigated and an effort has been made 
to set forth the results in a useful man- 
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ner. Care should be exercised in making 
use of the information contained in 
the data to make certain that the 
cases to which it is applied have condi- 
tions similar to those under which the 
tests were made. 

In any given application the condition 
of the copper used should be known or 
determined from a tension test. A 
typical stress-strain diagram for copper 
appears in Fig. 18. The dotted line 
represents the curve obtained with a 
test specimen of annealed copper, plot- 
ting the load stress (load divided by 
original area) against the unit elongation 
in per cent. The full line, O A BC D, 
etc., illustrates the relation between the 
true stress® (load divided by actual area) 
and the unit elongation. Had the load 
been removed from the test specimen at 
any one of the points, A, B, C, and D, 
the resulting unloading curve would be 
AA’, BB’, CC’, or DD’. Subsequent 
reapplication of the load would show 
the loading curve A’A, B’B, C’C, or 
D'D, respectively. Suppose that the 
stress-strain diagram of a sample of 
copper, whose degree of cold work were 
unknown, showed a yield stress of say 
30,000 Ib. per sq. in., it would then be 
evidence that the sample had had about 
15 per cent cold work or its equivalent. 

From this information one may deter- 
mine whether or not the service stresses 
would be above or below the yield stress. 
Knowing this, he would be able to 
estimate from Fig. 15 what remanent 
stress to expect after, say, 20 yr. at room 
temperature for any given initial stress. 
In these curves, the full lines refer to 
copper loaded above the yield stress 
and the dotted lines to copper loaded 
below the yield stress. 

For service above room temperature, 
the data of Fig. 16 may be used, but it 
should be noted that the curves shown 


(1 


* True stress = load stress 
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refer to an elapsed time of only 17 hr. 
It would therefore be better to refer to 
either Fig. 14 or 17. The latter does 
not give curves for copper tested below 
the yield stress, but up to about 180 C. 
such curves would indicate remanent 
stresses of from 5 to 15 per cent higher 
than those shown. 


CORRELATION WITH CREEP TESTS _ 


A complete correlation between relaxa- 
tion and creep data has not as yet been 
made; however, some relevant con- 
siderations may be mentioned. Fore- 
most among the factors concerned is 
the following question: Is the creep rate 
at any stress, 0, obtained in a relaxation 
test made by holding the strain constant 
at some value, say €9, the same as that 
found from a creep test made with a 
constant stress equal to o, and with a 
total strain which has been allowed to 
proceed until it has become equal to €9? 
In other words, will the creep rate for 
the specimen in Fig. 2 be the same when 
the stress has been reduced from o* to, 
Say, d2-3 as that of a creep test started 
at 0, with a stress o2_3; and allowed to 
creep until the total extension is €9? 

If this is not the case, there is the 
other possibility, that the creep test 
specimen at stress o2_3 will reach the same 
creep rate, not at the same strain €, but 
at the same time, /, (line A” 2” 3”, Fig. 2). 
Although the latter consideration does 
not seem the more probable, a large 
amount of work on the correlation of 
creep and relaxation data indicates 
that it agrees much better with experi- 
ment. Possibly a compromise between 
two such assumptions may provide 
the closest agreement. 

All experimental evidence seems to 
show that the creep speeds found in 
relaxation tests are larger than those 
obtained from creep tests under what 
were assumed to be similar conditions. 
As a result, the magnitude of the de- 
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crease in stress in relaxation is larger 
than would at first be expected from 
considerations based on creep rates 
observed in tests made with constant 
stress. 

Another phenomenon which is allied 
with the above statement is illustrated 
in Fig. 19, which shows that, under 
certain conditions the change in the 
creep rate produced by reducing the 
stress by an amount Ao may be quite 
different from the change caused by 
increasing the stress in the same amount. 
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nearly as much as in loading. This is 
apparently another manifestation of 
the fact that large amounts of load must 
be removed in order to bring a relaxa- 
tion test specimen back to its “constant” 
length and thus satisfy the conditions of 
the test. 

Another effect that no doubt is im- 
portant in relaxation may be described 
with the aid of Fig. 20. Here the creep 
curve AB has been interrupted at B by 
decreasing the stress and BC is the corre- 
sponding elastic recovery. If no other 
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Fic. 19.—-Interrupted Creep Test at Room 


Temperature. 


The figure shows an interrupted creep 
test, started with a stress of 12,700 lb. 
per sq. in. At point A the stress was 
raised to 13,170 lb. per sq. in. and at B 
it was restored to the initial value of 
12,700 lb. per sq. in. It will be seen 
from the figure that the ratio of the creep 
speeds, =, for increasing the load was 
1 


Us; 
very much larger than the ratio e 
4 


found when the load was decreased by 
the same amount. Hence in unloading, 
the creep rate does not seem to alter 


Fic. 20.—-Interrupted Creep Test. 


influence would exist, creep would then 
proceed along line CDE. However, 
experiments show that the curve found 
usually resembles CD’E’ or CD"E’. 
That is, a certain amount of recovery is 
superposed on the creep curve CDE just 
after the unloading. In general, the 
effect of recovery is soon masked by the 
creep that takes place at the reduced 
stress. The principal influence caused 
by recovery following an unloading is 
that it temporarily slows down or re- 
tards the increases of length under creep 
at the reduced stress. 


230 
pre 
see 
the 
| tio 
| be 
exe 
CO} 
th 
the 
to 
for 
res 
As: 
wa 
cul 
sor 
the 
cor 
' scr 
du 
mo 
in 
nec 
to 
cor 
rel; 
the 
rel: 
loa 
By 
like 
7 
any 
cor 
obt 
4 ! 
ap} 
anc 
ma 
vel 
dra 
dor 
ney 
whi 
pro 


When relaxation conditions are ap- 
proximated by very small steps, recovery 
seems to be less important. However, 
the extent to which it effects a relaxa- 
tion test as it is actually carried out can 
be noted from Fig. 12. Consider for 
example the curve for 15.4 per cent 
copper. In the first part of the test, 
the machine was unable to follow 
the load rapidly enough, and had 
to unload continuously for 3 min. be- 
fore enough stress was removed to 
restore the bar to its initial length. 
Assuming that this decrease in stress 
was uniform with time, the unloading 
curve previous to point B would look 
something like AB. During this period 
the load decreased more slowly than the 
conditions of relaxation would pre- 
scribe. Hence the stresses were higher 
during this time and as a result produced 
more creep than would have occurred 
in true relaxation. Therefore, it was 
necessary to remove more load in order 
to restore the initial length. This 
consideration indicates that the true 
relaxation curve for the early part of 
the test would look like CD. True 
relaxation conditions are established at 
B but recovery due to the initial un- 
loading causes a slower creep rate from 
Bto D. After point D is reached it is 
likely that conditions previous to D 
no longer have a great influence. In 
any event, a good approximation to true 
conditions of relaxation ought to be 
obtained beyond point D. 

Another factor which probably has an 
appreciable effect on the results of creep 
and:relaxation tests is the history of the 
material previous to testing. The de- 
velopment of internal stresses during 
drawing, rolling, stretching, etc., no 
doubt initiate within the material a 
process of readjusting itself under these 
new conditions. The rapidity with 
which such readjustment takes place 
probably has much to do with the 
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behavior of the material when subjected 
to the various mechanical tests and the 
degree of readjustment that occurs 
depends upon the manner of stressing 
and the length of time that the forces 
are applied. Subsequent removal of the 
external loads further complicates the 
picture while a sequence of loadings and 
unloadings at different speeds defies 


accurate analysis. Because of such a 


situation, a sample being tested or being 
used in service will not alone be effected 
by the conditions that immediately 
prevail, but will also be influenced by 
effects set up in some previous stressing. 


From a mechanical point of view, the 
things to be considered in connection — 
with the previous history will include: 
the speed of stretching (or cold working), 
the length of time subjected to eds 


the amount of time between cold working 
and testing and the number of reversals 
of the applied loads. 

Tests are now being carried out in an 
attempt to establish just how important 
all these varied factors are, and to 
establish them in their proper relation 


to one another. 


1. The relaxation of copper at room 
temperature and probably up to about 
200 C. may, for practical purposes, be 
represented by an expression of the form: 

o = o* (1 — A.log (1 4+ Bb)| 
where o = the stress at any time /, 
o* = the initial stress, and A and 
B are constants. 

2. A marked increase in relaxation 
takes place when the temperature is 
raised above about 80 C. At 150 C. 
the stress is estimated to fall to about 
20 to 25 per cent of its initial value 
in a service time of 20 yr. 

3. Recovery effects tend to decrease 
the creep rate found in the early part 
of a relaxation test. 

4. The dissimilarity between the speed 
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laws for decreasing and for increasing 
stress gives rise to rather large amounts 
of relaxation. 

5. Further creep and relaxation tests 
are at present under way and it is hoped 
that they will throw additional light on 
the subject. 
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Mr. Cuaries C. Davenport! (pre- 
sented in written form).—In many indus- 
trial applications the stress is not con- 
stant with time, but changes gradually 
as plastic flow occurs; an important 
special case is relaxation. Almost all 
of the information available on the 
plastic flow of metals is in the form of 
creep curves at constant stress; Mr. 
Boyd’s paper is one of the first to give 
much information on relaxation. It 
would be quite useful if “relaxation” 
could be predicted or derived from the 
numerous available creep data, but 
there is no process of logic alone by 
which this is possible. Several theories 
have been suggested for this purpose, 
but which one among them will give 
the best results can be found only by 
comparing the theoretically derived 
relaxation curves with the experimental 
one. With this object in mind, the 
writer has made creep and relaxation 
experiments in torsion, also on copper, 
at temperatures of 150 to 200 C. but in 
a much lower stress range than this 
paper, that is, 500 to 1300 lb. per sq. in. 
shear stress. These investigations will 
be presented shortly before the Ameri- 
can Society of Mechanical Engineers. 
It was found that the experimental value 
of the time to produce a given stress 
relaxation falls between the value cal- 
culated by strain hardening, which gives 
an upper limit, and the value obtained by 
time hardening? which provides a lower 


1 Graduate Schoo! ot Engineering, Harvard University, 
Cambridge, Mass. 
2Time hardening was used with the correction sug- 
gested by the writer in a discussion of the paper ‘“Inter- 
pretation of Creep Tests for Machine Design,” by C. R. 
berg, Transactions, Soc. Mechanical Engrs., 
August, 1937, p. 511. 
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limit. Similar conclusions were reached 
in this paper. 

It is suggested that an effect men- 
tioned by Bailey may explain why the 
strain hardening theory in the above 
calculations implies that the metal is 
stiffer in relaxation than tests indicate. 
Slip at a point in the metal causes local 
heating and consequently lowers the 
resistance at this spot to further 
slip. It is, therefore, expected that 
this further flow will not produce as 
much hardening effect. This result is 
exaggerated by high flow rates. Now, 
when a given stress and strain are at- 
tained in relaxation, the previous stresses 
have been larger, and therefore higher 
flow rates have been present than when 
the same stress and strain are reached in 
creep. From this reasoning it is ex- 
pected that at the same strain the ma- 
terial will be weaker in relaxation than 
in creep. The strain hardening theory 
implies equal strength at this point, but 
tests in the paper and by the writer both 
showed that the material actually was 
weaker in relaxation and accordingly 
had higher flow rates. It was also found 
that the strain hardening theory gave 
better results for the lower temperatures 
than for the higher ones. This may be 
explained in a similar manner. Since 
the initial flow rates are smaller at the 
lower temperatures, the above-men- 
tioned effect has not as much influence. 

Since many important industrial prob 
lems are concerned with much lower 
flow rates than those measured either 
by the writer or reported in the paper, 
it is believed that with these flow rates 
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the strain hardening theory will apply 
still better in the calculation of relaxa- 
tion from the results of creep, because 
the above-mentioned effect will have 
less influence. 

The author has used rather high 
stresses and some high temperatures for 
copper, so it is to be expected that the 
effect just mentioned will be rather im- 
portant in these extreme cases. The 
writer would be quite interested to know 
whether the author found any tendency 
for the tests to check the strain hardening 
theory better for tests with the lower 
initial flow rates, which the above sug- 
gestion would indicate as probable. 

Mr. P. G. McVetty.*—There is one 
point in the history of this development 
which may be of interest. We had 
been making tension creep tests for 


‘several years when the need for reliable 


relaxation data became urgent. Since 
we had available considerable constant 
stress creep data, we tried very hard to 
solve the relaxation problem by using 
existing data to avoid development of 
new equipment. Up to the present 
time, attempts to construct the relaxa- 
tion curve mathematically from the 
conventional creep curve have not given 
entirely satisfactory results. 

Mr. Boyd has shown that relaxation 
tests may be made with relatively simple 
equipment simulating the conditions 
which exist in flange bolts and similar 
applications. Mr. Mochel has made 
relaxation tests at high temperatures at 
our South Philadelphia Works, using 
commercial grades of heat-resisting ma- 
terials, and his results are in close agree- 
ment with those of Mr. Boyd. From 
our experience, it seems desirable to rec- 
ommend that the solution of relaxation 
problems be based upon the relaxation 
type of test rather than the creep test, 
until a more satisfactory method of cor- 

+ Mechanical Engineer, Research Laboratories, Westing- 


aoun Electric and Manufacturing Co., East Pittsburgh, 
a. 


DISCUSSION ON RELAXATION OF COPPER ’ ve 


relation of the two tests has been de- 
veloped. 

Mr. Joun Boyn*‘ (author’s closure, by 
letter)—-Mr. Davenport has _ asked 
whether or not the tests show a tend- 
ency to check the strain hardening 
theory better for low initial flow rates 
than for the higher rates. Since there 
may be some uncertainty as to just what 
is implied in a strain hardening theory, 
an answer to the above question must be 
somewhat indirect, but it is hoped that 
the following statement will furnish the 
information desired. 

Observed creep speeds in relaxation 
have been compared with similar speeds 
computed from data obtained by creep 
tests. The computed values depend of 
course upon what assumptions are made 
in attempting to secure relaxation data 
from creep test information. For the 
present discussion let the creep rate after 
any unloading such as 2-2’ in Fig. 2 be 
assumed to be the same as that found in 
a creep test at stress 2-3; which has 
been allowed to proceed until it has the 
same total extention ¢€. Using this 
assumption, an expression may be writ- 
ten which will give the creep rate (for a 
simulated relaxation test) at any time /. 
This rate can then be compared with the 
value, at time ¢, found in an actual relax- 
ation test having the same _ initial 
conditions. 

Such a comparison has been made. It 
is found that the discrepancy between 
the observed rates and those computed 
in the above manner is less at 8000 Ib. 
per sq. in. (the lowest value for which 
comparative data was available) than 
at, say, 20,000 Ib. per sq. in. This is 
apparently similar to what Mr. Daven- 
port has found. We expect soon to 
publish additional work on relaxation 
in which detailed information and com- 
parisons will be furnished. 


‘ Engineering Foundation, New York City. Present 
connections: Research Engineer, Research Laboratories, 
Westinghouse Electric and Manufacturing Co., East Pitts- 


burgh, Pa. 
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: 3 NEW EQUIPMENT FOR CREEP TESTS AT ELEVATED ~~. 


TEMPERATURES 


SYNOPSIS 


By P. G. McVetry! 


This paper describes a creep testing machine which provides from 12 to 60 
tests at different stresses in the same furnace. ‘The furnace consists of a large 
cylindrical mass of alloy steel containing twelve vertical holes 30 deg. apart — 
for the test specimens under stress and a larger central hole for pretreatment — 
of specimens without stress. Test specimens are supported on knife edges 
at the top and loaded by twelve radial levers and weights which hang in - 
annular space around the foundation. The wall of the furnace, consisting of 
concentric shells of polished nickel and aluminum with powdered silocel be- 
tween, rotates on ball bearings to facilitate creep measurements. . 

Two methods of creep measurement are provided. One consists of com- as 
parison rods extending to the top of the furnace from both ends of the 20-in. : 
gagelength. ‘The relative vertical displacement of these rods is measured by a 
dial gage reading to 0.0001 in. Also, the furnace is surrounded by a track on 
which a specially designed micrometer-microscope carriage moves. ‘This 
allows measurements on suitably marked platinum targets at the ends of the 
20-in. gage length or any intermediate points. The shell carries wae: 
windows which may be adjusted vertically and the central steel column is 
slotted to make the reference marks visible. Automatic control of voltage 
and temperature have been provided and room temperature control may be | 
added. 

a 
INTRODUCTION to appraise available alloys and to secure 


The design of apparatus for creep tests data upon which working eens any 
at elevated temperatures has received be based, a large number of har-aptin homeo 
the attention of many able investigators 2" ee Alloys for high-tempera- 
and we now have dependable equipment ‘UT Service are being developed muuch 
and, to a certain extent, standardized OF rapidly than they can be tested 
procedure? which may be expected under with a reasonably extensive installation 
suitable conditions to give consistent of the type of equipment now being used. 
results. In the use of such equipment It has been found that the type of 


1 Mechanical Engineer, Research Laboratories, West- 
— Electric and Manufacturing Co., East Pitts- 
a. 

-? Tentative Method of Test for Long-Time (Creep) 
High-Temperature Tension Tests of Metallic Materials 
E22-35T), Proceedings, Am. Soc. Testing Mats., 
Vol. 35, Part I, p. 1291 (1935); also 1936 Book of A. S. T. M: 
Tentative Standards, p. 1316. ol 
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alloys best suited to high-temperature 
applications have a tendency to depart 
from the homogeneity and isotropy 
usually assumed in the commercial use of 
test data. Also, these alloys are not 
always stable, either structurally or 
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dimensionally, at the temperatures of 
their use. Asa result, we find “negative 
creep,”’ anomalous stress-creep relations, 
and differences in creep curves obtained 
under essentially identical conditions. 
No amount of refinement of the details 
of testing equipment and procedure can 
produce uniformly consistent test data if 
appreciable variations exist among the 
test specimens used. 

It is doubtful whether the designers 
of the type of creep equipment commonly 
used ever contemplated the necessity of 
making a hundred or more simultaneous 
tests. With each test having its own 
furnace and temperature control a real 
problem is introduced in the production 
and calibration of satisfactory furnaces 
and the maintenance of a large number of 
control instruments. Another problem 
results from the possible effect of un- 
avoidable temperature fluctuations in 
different furnaces upon the comparison 
of tests of different materials or the 
same material under different stresses. 
When anomalous results are obtained, 
it is difficult to decide whether the dis- 
crepancies result from a lack of absolute 
uniformity among test specimens, or 
slight variation in testing conditions, 
or both. The present trend is undoubt- 
edly in the direction of statistical studies 
in which a relatively large number of 
similar tests are averaged. Unless this 
is done, it is necessary to assume a 
degree of uniformity among test speci- 
mens and the details of testing procedure 
which is practically impossible to realize 
under present conditions. 

In considering installation of equip- 
ment for a large number of tests, the 
solution is not necessarily the duplica- 
tion of complete individual units even 
though they may be satisfactory indi- 
vidually or in small groups. Many 
factors suggest a reconsideration of the 
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even though it may involve a departure 
from a more or less standardized type of 
testing equipment. Multiple unit in- 
stallations are not new.’*® Among 
these, the recent development by the 
General Electric Co.® represents a dis- 
tinct advance toward facilities for ex- 
tensive creep-testing programs. This 
subject is treated in greater detail in the 
section on Development of Equipment. 


UNIFORMITY OF MATERIAL 


In any discussion of uniformity of 
material, it is necessary to distinguish 
between two fundamentally different 
viewpoints. In the purchase of ma- 
terials standard specifications must allow 
a reasonable latitude in the composition. 
As the permissible variations are re- 
duced, rejections result in increased costs 
which must be considered in comparison 
with the advantages gained by more 
strict specifications. The only funda- 
mentally sound solution is to conduct 
enough tests to make sure that the prop- 
erties of the weakest material acceptable 
under the specification are known. This 
leads to a statistical study of the 
material which is not usually impracti- 
cable at normal temperatures. At ele- 
vated temperatures, the difficulties of 
statistical studies increase enormously 
and very little work in this direction 
has been possible. The logical method 
of attack is to provide sufficient testing 
facilities to allow rapid progress on 
extensive testing programs. 

From the standpoint of consistent 
creep test data, the question of uni- 
formity must be approached in a differ- 
ent way. It is a well-known fact that 


*F. H. Norton, ‘““The Creep of Steel at High ‘Temper- 
atures,” p. 11, McGraw-Hill Book Co., Inc., New York 
City (1929). 

4P. Faber, “The Work of the Turbine Department,” 
Brown Boveri Review, Vol. 17, p. 50 (1930). 

*P. H. Clark and E. L. Robinson, “An Automatic 
Creep Test Furnace-Guide,” Metals and Alloys, Vol. ©, 
p. 46 (1935). 
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creep3 properties are very sensitive to 


slight changes in analysis and structure . 


and they may be affected by sub-micro- 
scopic differences in structure and the 
presence of oxygen, nitrogen or other 
components not usually shown in the 
analysis. In making high-temperature 
tests the usual purpose is to find the 
relations among four variables—tem- 
perature, stress, time and plastic defor- 
mation or creep. These relations may 
be studied for any two of the varfables 
by keeping the other two constant, or 
nearly so, provided that the test speci- 
mens used are alike. It is obviously 
difficult to study these relations if 
structural and dimensional changes in- 
dependent of stress accompany long 
exposure to elevated temperatures. The 
problem is complicated further if these 
uncontrolled variables are different in 
different specimens. ‘These factors have 
led to the use of a great amount of care 
in the selection, heat treatment, machin- 
ing and final magnetic testing of speci- 
mens to ensure the greatest possible 
degree of uniformity among the test 
specimens used for creep tests. 

When these precautions have been 
taken to secure reliable data on the 
properties of a given type of material, 
it is still necessary to explore by suitable 
high-temperature tests the effects of 
variations permitted by the specifica- 
tions. In this way specifications based 
on a proper balance between desirable 
properties and resulting costs are ob- 
tained. Under present conditions, this 
problem can be handled best by large 
numbers of reliable creep tests with 
parallel metallographic investigations of 
structure and careful analysis of the 
results obtained. The proper propor- 
tioning of testing effort to suit the 
relative commercial importance of a 
given material is an economic problem 
requiring individual study of each 
material. 
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CrEEP-TEST REQUIREMENTS 


The fundamental requirements for 
tension creep tests are relatively simple. 
It is necessary to provide means of 
heating the test specimen to the desired 
temperature with negligible variations 
throughout its mass. The difficulty of 
accomplishing this end increases with 
the length of the specimen and with the 
ratio of specimen length to furnace 
length. This temperature must be main- 
tained with negligible fluctuations in the 
heating and cooling cycle and from day 
to day over long periods of time. Means 
must be provided for applying an accu- 
rately measured stress uniformly dis- 
tributed over the cross-section and this 
must be maintained constant. Finally, 
it is necessary to measure accurately 
the dimensional changes which take 
place in the length of the test section 
while it is maintained at constant stress 
and temperature. If these fundamental 
requirements are met, it becomes possible 
to study stress-strain-time-temperature 
relations which should be independent of 
the details of testing equipment and 
procedure used to satisfy these re- 
quirements. 

It is obvious that the importance of 
each requirement depends upon the 
manner in which the resulting data are 
to be used. In many cases, a desirable 
feature is obtained only by sacrificing 
some other factor. These compromises 
occur so frequently that it would be 
difficult to design any equipment equally 
acceptable for a wide variety of 
applications. 

The maintenance of a uniform stress 
over a long period of time is relatively 
easy. The simplest method uses weights 
applied directly to the specimen or to a 
lever system acting on the specimen. 
For small deformations it is customary to 
neglect the small increase of stress which 
accompanies a decrease of cross-section 
as creep proceeds. For larger deforma- 
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tions, automatic compensation for this 
stress change® may be provided if desired. 

In speaking of stress as applied to a 
test specimen, it is assumed that the 
stress is uniformly distributed over the 
cross-section from one end of the gage 
length to the other. With short speci- 
mens and small radius fillets near the 
ends of the gage length, creep may be 
increased by stress concentration near 
the ends. This effect is reduced by 
proper design and increase in the length 
of the specimen. Lack of homogeneity 
of material in the test specimen also 
causes stress concentration. If present, 
this factor must be considered in the 
interpretation of test results. 

Whether or not a steady state of stress 
is desirable is open to argument. In 
service, each application has its own 
stress variations ranging from static 
loading or occasional impact shocks to 
the cyclic variations accompanying vi- 
bration. Duplication of these varia- 
tions in the creep test would, undoubt- 
edly, have a pronounced effect upon the 
creep data. Various plans for controlled 
stress variations have been considered, 
including axial and transverse vibrations 
or combinations of the two. The use of 
an inductive furnace winding gives an 
axial vibration while the superposition 
of an unbalanced rotor on the load gives 
a more complicated stress variation. 
While these procedures have some 
advantages, it is doubtful if they out- 
weigh the disadvantage of departure 
from uniform stress during the test 
except in special cases. 

The maintenance of uniform tempera- 
ture over long periods of time becomes 
increasingly difficult as the allowable 
variation is decreased. Uniformity 
throughout the test section depends 
primarily on furnace design while uni- 


6 J. Cournot and K. Sasagawa, “The Investigation of 
the Viscosity of Alloys at High Temperatures,” Revue de 
Metallurgie, Vol. 22, No. 12, December, 1925, p. 753. 
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formity from day to day depends also 
upon auxiliary equipment. From any 
assumption of allowable scattering of 
points on the creep curve and the 
coefficient of expansion of the test 
material, it is possible to compute 
approximately the corresponding allow- 
able temperature variation. There is 
some difference of opinion as to whether 
great care should be used to reduce 
variations to a minimum or to accept 
appreciable variations and apply correc- 
tions to the observed creep data. On 
account of the uncertainties which may 
be introduced by these corrections, the 
author prefers to avoid them so far as 
possible. 

The accurate measurement of creep 
may be obtained in various ways. For 
precise measurements, the Martens type 
extensometer previously described’: * has 
given excellent results for many years. 
Its use requires precise temperature 
control with the result that readings are 
obtained very slowly. Our experience 
indicates that five or six machines are 
the maximum number that can be 
operated satisfactorily by one observer 
if readings are taken daily. Multiplica- 
tion of units of this type presents a 
difficult problem of maintenance. The 
need for this degree of precision results 
from the extremely small limiting 
amount of creep in some applications. 
An allowable creep of 0.01 per cent per 
year isnot uncommon. If the creep rate 
were constant, this would amount to 
only about 0.000002 in. per inch per 
week. Actually, the creep rate is rela- 
tively rapid at the start of the test and 
gradually diminishes in value. This 
makes it desirable to measure rates 
considerably smaller than the average. 

7T. D. Lynch, N. L. Mochel and P. G. McVetty, 
“The Tensile Properties of Metals at High Tempeta- 
tures,” Proceedings, Am. Soc. Testing Mats., Vol. 25, 
Part II, p. 5 (1923). 

®P. G. McVetty and N. L. Mochel, “Tensile Properties 
of Stainless Iron and Other Alloys at Elevated Tempera- 


tures,” Transactions, Am. Soc. Steel Treating, Vol. 11,. p73 
(1927). 
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Such measurements are of the same order 
of magnitude as the distance between 
atomic planes in alpha iron. The most 
direct method of improving conditions 
of measurement is to multiply the 
quantity to be measured by increasing 
the gage length. 

In other applications, the amount of 
creep to be measured is greater. This 
allows the use of short specimens with 
less precise means of measurement. The 
wide range in requirements regarding the 
permissible amount of creep indicates 


27"----------> 


Fic. 1. 


the desirability of considerable latitude 
in the means used to satisfy creep-test 
requirements. 


DEVELOPMENT OF EQUIPMENT 
Test Specimen: 


In developing the new equipment, 
the design of a suitable test specimen 
received first consideration. Most of 
our work has been done on specimens 
0.505 in. in diameter with a 3.00-in. 
gage length.’ The A.S.T.M. tentative 
standard subsequently developed has the 
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same diameter with a 2.00-in. gage 
length.?, Others have used smaller di- 
ameters to allow tests at higher stresses 
without increasing the size of the equip- 
ment. There is no reason why a speci- 
men 0.505 in. in diameter is a better 
representative of a given material than 
any other cross-section. There is, how- 
ever, an advantage in standardization 
for comparison of data from different 
sources on account of the relation be- 
tween surface and cross-sectional area. 
Unless this relation is maintained, creep 
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Possible Variations in Test Specimens. 


tests would not be expected to be directly 


comparable, especially if appreciable 
scaling occurs. A preliminary study 
included the preparation of alternative 
designs for 3- and }-in. diameter speci- 
mens. The reduced size and weight of 
equipment with the smaller size offered 
several advantages. On the other hand, 
a large amount of data has been collected 
using specimens with a diameter of 
0.505 in. It was decided finally to 
build the larger unit since it could be 
used equally well for smaller diameter 
specimens if desired. This eliminates 
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"1G. 2.—Detail of Lever. 


Section A-A 
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 20-in. gage length. This may be sub- 
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divided by suitable reference marks on 
platinum targets to allow comparison of 


creep properties at different places along 
the bar or comparison of different gage 
lengths on the same bar. By using 
various combinations of targets, a de- 
tailed study of uniformity of the material 
and effect of different gage lengths may 
be made on the same bar. 

Figure 1(b) shows the method of 
coupling and testing four specimens of 
the type we have used for the past 


~~ Weights 


Kic. 3. - Arrangement of Levers, Section A-A, Fig. 5. 


at the start the necessity of considering 
effects of differences in the relations 
between surface and cross-sectional area 
in comparing results with creep data 
already available. 

The main objection to a long test 
specimen has been the difficulty of se- 
curing uniform temperature over the 
increased length. The additional diffi- 
culty of securing more test material of 
uniformity suitable for creep tests is 
far from negligible. This led to a design 
in which it is possible to use short or long 
specimens as desired. 

Figure 1(@) shows a specimen with a 


thirteen years. Figure 1(c) shows a 
similar method applied to the specimens 
recommended in A.S.T.M. Tentative 
Method E 22 — 35 T? 

Figure 1(d) and (e) indicate what can 
be done with a single multiple specimen 
to obtain five creep curves at different 
stresses on the same bar. Figure 1(d) 
shows a uniform change in diameter and 
Fig. 1(e) a uniform change in area and 
stress. For example, in Fig. 1(¢), 
a load of 300 Ib. at the end of the 20 to 1 
lever will produce stresses of 20,000, 
25,000, 30,000, 35,000 and 40,000 Ib. 
per sq. in. The two diameters less than 
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0.505 in. will give the two higher creep 
rates which have the least influence in 
determining creep properties at the 
lower stresses. This minimizes the ob- 
jections to a decrease in specimen 
diameter below 0.505 in. and the corre- 
sponding changes in the relation between 
surface and cross-section. 

With this method, any desired rela- 
tion among the stresses may be used 
by suitable specification of the individual 
diameters. The advantages of simul- 
taneous duplicate or triplicate tests of 
six or four materials in the same furnace 
at the same time are obvious. 

The use of specimens 0.505 in. in 
diameter makes direct loading imprac- 
ticable. A convenient lever ratio is 
20 to 1 because it gives a ratio of 100 to 
1 between applied load and stress on a 
0.505-in. diameter specimen. The cylin- 
drical arrangement of the specimens 
offers the best conditions for uniform 
temperatures leading to radial arrange- 
ment of the levers. Figure 2 shows the 
design of knife edges in the lever used. 
Special precautions were taken to make 
the distance between these knife edges 
as short as possible because of its effect 
upon the long arm and the over-all 
diameter of the machine. Figure 3 
shows the radial arrangement of the 
levers and Fig. 4 the fulcrum block 
which takes the reaction of the inner 
ends of the twelve levers. 


Construction of Furnace: 


Assuming that each test might be. 


loaded to a maximum stress of 50,000 
lb. per sq. in., the design indicated a 
maximum total reaction of 120,000 Ib. 
A structural frame to take this load 
would interfere with free access to the 
furnace for creep readings, so heavy alloy 
steel blocks were used, carefully fitted 
together to form the main portion of the 
furnace and to support the load imposed 
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by the twelve tests. These blocks were 


drilled to take the twelve specimens and — 


slotted for optical creep readings. Figure 


5 shows a vertical section of the furnace — 
and the arrangement of the steel blocks. 
This method of construction is not — 


without disadvantages. The material 
used for heat insulation at the ends 
has to carry the same load as the alloy 
steel furnace blocks. 
alternate plates of mica and steel with 


a total thickness of 5 in. were used. 


Of this amount, 86 per cent is a ala 


Knife Edge Spacers 


Section ee 


Fic. 4.—Fulcrum Block, Section C-C, Fig. 5. ~ 


_ grade of amber mica. To bond the 
laminations together, these blocks were 
seasoned for 6 hr. at 160 C. under a 
pressure of 50 tons prior to machining. 


On account of the height of the furnace 
and the fact that it is built up of several 
blocks in compression, there is some evi- 
dence of lack of stability. This has 
given no trouble in the first unit but it is 
considered desirable to balance the loads 
across any diameter. In two additional 
units now being built, four of the furnace 
blocks have been combined into one 
and a special grade of porcelain will 


For this purpose 
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replace the mica at the ends. These 
changes were made to improve stability 


of heat in these windings. Heavy ni- 
chrome wire was used at the twoends with | 


> 
has been provided. One or more lots of 
specimens may be suspended in this hole RAS 
for any desired time prior to their use say a 
for creep tests. In this way periodical ESQ 
over-all measurements of length may be Winding « : 
made as a check on dimensional stability. 65 ft No.8 a 
Al, If this pretreatment produces warping, 
| it will reveal the necessity of studies of _ 38° 
non-uniform internal stresses which Windhng 
OW, might otherwise escape detection. 5/ #4 No.6 88 
) Except for the narrow slot for creep | tees S58 
measurements, each specimen is sur- 
External! Voltmeters 656n 
rounded by a large mass of alloy steel Resistance %—O—Mwww0939 & 
to provide the best possible conditions & 
for temperature uniformity. Since the —O— > 
Pp y ontro/ > 
heat conduction to the ends is necessarily ok a 
large, the couplings which connect the \ 4 
specimens to the extension rods passing meters 8 
out of the furnace are only slightly S 


and to allow greater latitude in the 
distribution of test stresses. 

The question of structural and dimen- 
sional stability of materials at operating 
temperatures has been a matter of serious 
concern in recent creep tests. There is 
much evidence to indicate that long 
exposure to high temperature without 
stress might be a desirable pretreatment 
for creep test specimens. To allow this, 
an axial hole, 5 in. in diameter extending 
from bottom to top of the furnace, 


smaller in diameter than the _ holes 
through which they pass. This serves 
to facilitate conduction of heat from the 
furnace to the ends of the specimens and 
improves the vertical temperature gradi- 
ents. 


Heating Elements and Temperature Con- 
trol: 


Three separate windings are provided 
to supply heat to the furnace. Because 
of the experimental nature of the first 
unit it was impossible to make an ac- 
curate estimate of the proper distribution 


a lighter wire in the center. Since the 
bottom winding would normally require 
the most heat it was connected directly 
across the line while external rheostats 
were provided in the other two sections. 
The wiring diagram for the furnace is 
shown in Fig. 6. 

In each section the winding is sup- 
ported by porcelain bushings in ni- 
chrome segments. Toavoid interference 


Fic. 6. 


wn 


Wiring Diagram of Creep 
Equipment. 


with the slots provided for creep read- 
ings, the wire passes up and down be- 
tween slots in the center section. A 
similar zig-zag construction is used at the 
two ends. This type of construction 
provides a non-inductive winding which 
avoids objections to possible effects of 
induction on creep readings. 

Serious consideration was given to the 
possibility of mounting the windings in 
a separate cage with vertical adjustment 
for control of heat distribution vertically 


=m 
| 


244 


and continuous rotation to improve cir- 
cumferential temperature distribution. 
This was not adopted for the first unit 
but it may be applied later if a greater 
degree of temperature uniformity is 
found to be desirable. 

To ensure continuity of operation, 
two independent sources of electric 
power have been provided. An auto- 
matic change-over switch connects the 
furnace to the other line in the event of 
failure of either source of supply. 

An induction regulator provides a 
means of adjusting the furnace current to 
give any desired temperature up to 1000 
F. An automatic voltage regulator 
helps to maintain a constant heat supply. 

A temperature control of the photo- 
electric type operates a contactor which 
short circuits a resistance in series with 
the three furnace windings. This gives 
temperature control with minimum dis- 
turbance of the distribution of heat in 
the furnace. 

A large number of thermocouples are 
brought out of the furnace to allow 
studies of circumferential and axial tem- 
perature distribution. Number 22 chro- 
mel and alumel wires calibrated by the 
Nationa] Bureau of Standards are used. 
It has been found by experiment that a 
control couple bedded in the wall of the 
furnace near the hottest part of the wind- 
ing gives the best temperature control. 
This type of control does not provide 
fully for seasonal temperature variations. 
On this account, room temperature con- 
trol is being installed. 

In designing the cylindrical insulating 
shell of the furnace, the original plan 
called for 24 quartz windows adjustable 
vertically for creep readings. Because 
of the large heat loss to be expected from 
this construction, it was decided to use 
only two windows and mount the shell on 
ball bearings so*that the windows could 
be aligned with any one of the twelve 
tests. The shell consists of a nickel wall 
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adjacent to the winding and two outer 
aluminum walls. Between the nickel 
and the first aluminum wall, a radial dis- 
tance of 5} in. is packed with powdered 
silocel. A {-in air space open at the 
top and bottom is provided between the 
two aluminum walls. 

Before deciding upon the material and 
finish to be used for the outer walls, 
tests were made to determine the rela- 
tive amounts of radiant heat trans- 
mitted. Of the several materials con- 
sidered, a highly polished cold-rolled 
aluminum sheet gave the best combina- 
tion of properties, considering stiffness 
and weight in addition to relative heat 
transmission. In comparison with cop- 
per, the ease of maintaining a highly 
polished surface also favored the use of 
aluminum. 

In the original installation, no pro- 
vision was made for continuous rotation 
of the furnace shell. After a number of 
temperature surveys showed circumfer- 
ential temperature differences of as much 
as 10 deg. Fahr., a motor drive was in- 
stalled to rotate the shell at approx- 
imately one revolution per hour. This 
reduced circumferential variation to 3 
deg. Fahr. with a corresponding improve- 
ment in the scatter of creep readings. 
The driving mechanism shown in Fig. 7 
consists of a motor and reduction gear 
engaging the large gear at the base of 
the furnace shell. Provision is made to 
disengage this drive to allow free rota- 
tion of the shell when creep observations 
are made. 


Creep Measurements: 


One of the most important factors in 
creep testing is the reliable measurement 
of creep after all possible precautions 
have been taken to minimize the effects 
of stress and temperature variations and 
other disturbing influences. In this in- 


stallation, two independent methods of 
measurement were provided in addition 
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to a possible check of over-all length be- 
fore and after tests. The first uses meas- 
uring or comparison rods extending from 
the ends of the 20-in. gage length to a 
point just outside the furnace. A special 
dial gage applied to these in pairs gives a 
measure of total change in the 20-in. 
gage length. 

The second method uses a combina- 
tion of telescopes and micrometer micro- 
scopes sighting through quartz windows 
in the wall of the furnace upon suitably 
engraved platinum targets located at 
any desired positions along the 20-in. 
gage length of the specimens. 

For the dial-gage measurements, split 
knife-edge clamps of chromium-tungsten 
steel are held at the ends of the 20-in. 
gage length by nichrome bolts. To each 
of these are welded two 3-in. diameter 
rods of an annealed ferritic chromium- 
aluminum steel chosen for its dimen- 
sional stability. These rods extend just 
outside the furnace at the top. A dial 


gage with jeweled bearings reading to 


0.0001 in. and provided with suitable 
guides for location on the comparison 
rods is used for the creep measurements. 
A special fixture is used for setting the 
zero of the dial gage. 

In the use of this method there was 
some question about the error which 
might be introduced by bending of the 
specimen. While the long length of the 
specimen and the loose threaded joints 
between it and the couplings and ex- 
tension rods through which stress is 
applied, practically eliminate any pos- 
sibility of bending, means of detecting 
bending were provided. These consist 
of two rods each from top and bottom so 
that two sets of readings may be taken. 
This precaution reduces the chance for 
errors in readings beside offering a con- 
tinuous check upon transverse deforma- 
tion of the specimen. Another error may 
be introduced by dimensional changes in 
the comparison rods due to long expo- 
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sure to elevated temperature. Although 
the material used was chosen for its sta- 
bility, two checks were provided. Test 
specimens of the comparison rod material 
were machined for studies of dimensional 
stability after various times of exposure 
to the test temperature. Another check 
is available since each test has two inde- 
pendent methods of creep measurement 
over the 20-in. gage length. It is con- 
sidered also that these rods will approach 
dimensional stability in service so that 
any initial error will decrease with time. 

The optical extensometer was de- 
veloped to meet unusually difficult con- 
ditions of measurement. So far as the 
author is aware, precision creep meas- 
urements at 1000 F. through a furnace 
wall of this. thickness have not been 
attempted previously. 

Our specifications called for the abil- 
ity to measure to an accuracy of 0.00001 
in., any length between 2 and 20 in. on 
any one of twelve specimens located 30 
deg. apart. The. major difficulty in 
making such measurements results from 
the necessity of making observations 
through windows in the furnace shell 
which prevents the objective from being 
located closer than 103 in. from the refer- 
ence marks on the specimen. To mini- 
mize the effect of room temperature 
changes upon the measuring apparatus, 
we specified that provision must be made 
for comparison of readings with a suit- 
ably engraved reference standard of low 
expansion glass in a position protected 
from the heat of the furnace. Figure 8 
shows the extensometer. designed and 
built by a telescope builder to meet our 
specifications. The heavy frame is made 
of carefully annealed castings mounted 
on four ball-bearing wheels. The two 
outer wheels are grooved to conform with 
the raised V surface of the track. The 
two inner wheels have a convex surface 
which rests on the flat inner ring of the 
track. One wheel is mounted on an 
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adjustable arm to ensure proper distribu- 
tion of the weight of the apparatus. A 
clamp and tangent screws are provided 
for fine circumferential adjustments. 
The upper and lower optical systems 
are adjustably mounted on a large tube 
attached to a frame which is free to move 
vertically in dovetail slides. The refer- 
ence scale swings on a vertical axis into 
the plane of focus of the microscopes for 
checking or out of the line of vision when 
creep measurements are made. This 
whole assembly is counter balanced to 
provide easy vertical adjustment. 


an Plate 


of small pieces of sheet platinum at- 
tached by the ignitron welder and carry- 
ing engraved reference marks. These 
marks are lighted by vertical illumina- 
tors built into the lens systems. The 
inside half of the first lens system is 
located permanently at a distance equal 
to its focal length from the face of the 
glass scale. The outside half, having 
the same focal length, is adjustable to 
allow its setting at a distance equal to its 
focal length from the target on the 
specimen. This arrangement brings a 
reversed image of the reference mark 


Test Slotted 
Specimen 


Kovar Window 
Bushing 


Window -~ 
Frame Brick 


Porcelain Tube 


Fic. 9.—Window in Furnace Wall. 


The details of the windows are shown 
in Fig. 9 and the external appearance 
in Fig. 8. The section around the win- 
dows is lined with refractory brick. 
Blocks of various thicknesses allow verti- 
cal adjustment of the windows as de- 
sired. The inner window is made of 
fused quartz ground and polished opti- 
cally flat and parallel. The outer window 
is made of optical glass similarly ground 
and polished. To reduce the effects of 
air currents between the windows, this 
space is partially evacuated by con- 
tinuous connection with a vacuum pump. 

The targets on the specimen consist 


/ Section Through Window 


without magnification to a plane out- 

side the furnace, in which plane the en- 

graved surface of the reference standard 

may be placed. The glass scale used 

as a reference standard upon which the 
micrometer microscope is focused may be 

swung out of the way to bring the image 

of the reference mark into the field of ; 
the microscope. 

In using this apparatus, the arms 
carrying the upper and lower optical 
systems are adjusted to a distance apart 
equal to the gage length to be measured. 
Vertical illuminators on the glass scale 
facilitate this adjustment. The arms 


/ 
Mchrome Heating 


Element 


\ 

3, 
le 
t- 
w 
8 
id 
ur 
Je 
ed 
VO 
he 
he 
an 


are then locked to the large diameter 
steel tube to which they are attached. 
The frame carrying this tube is then 
moved vertically in a dovetail slide until 
the upper microscope is aligned with the 
upper mark on the specimen. The 
lower micrometer microscope is then ad- 
justed to the lower mark on the specimen 
and the departure from the setting on 
the glass scale is measured. The pitch 
of the micrometer screw is 0.01 in. and 
the disk is graduated to 0.00005 in. 
Readings to 0.00001 in. are obtained by 
estimation. Both optical systems are 
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the optical extensometer travels were all 
machined at the same setting. The 
track was finished by grinding and hand- 
honing until the maximum circumferen- 
tial variation on any of the three surfaces 
did not exceed 0.0001 in. 

To compensate for any settling of the 
foundation which would disturb the de- 
sired level setting of the track, the entire 
equipment is mounted on four legs with 
screw adjustment. These rest on phos- 
phor-bronze disks recessed into the top 
plate of the foundation. The use of 
four instead of three legs results from 
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provided with filar eyepieces, but these 
are not ordinarily used because of the 
slight variation in distance to the speci- 
men in the various positions of the meas- 
uring apparatus. 

The track on which the optical exten- 
someter travels is a heavy welded struc- 
ture which was carefully annealed before 
and after rough machining and then 
finally machined. The spigot fit for the 
central column of the furnace, the 
groove for the ball bearings on which 
the insulating shell rotates, and the one 
flat and two angular surfaces on which 


Foundation Details. 
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the desire to improve the stability of the 
structure even though there may be 
some difficulty in securing equalization 
of load distribution. Our experience 
during the first year of operation of the 
first unit has shown no reason to change 
this method of support in building the 
later units. 


FOUNDATION 

‘The type of foundation required for 
this equipment was determined primarily 
by the optical extensometer. The ef- 
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fects of vibration upon optical measure- 
ments are well known. It is suspected 
also that vibration accelerates creep. In 
the mounting of telescopes, a dry sand 
foundation has been found to be quite 
effective in minimizing the effects of 
vibration. On that account, this type of 
foundation was adopted with several 
precautions to keep the sand dry in 


dental flooding of the pit from the top 
necessitated some means of drying the — 
sand without disturbing the machine. - 
For this purpose, 5 kw. of electric space - 
heaters were distributed in iron pipes — 
near the bottom with provision to bring 
the wires supplying current through the 
wall. On account of the low heat con- 
ductivity of sand, a suitably trapped 


Fic. 11.—Creep Testing Equipment. 


service. A vertical section of the foun- 
dation is shown in Fig. 5 and details in 
Fig. 10. 

To locate the machine at the proper 
height for convenience of readings, a 
pit was dug 6 ft. in diameter and 5 ft., 
3in. deep. This pit was lined with a 
waterproofed wall and floor resting on 
cinders for drainage. The possible acci- 


high-pressure air line was connected to 
pipes under the heaters. These were 
drilled with seventy-six }-in. holes 1 in. 
apart covered with 60-mesh copper 
screen. Thermocouples were attached 
to the pipes carrying the heaters to 
prevent overheating. The pit was then 
filled to a depth of 2 ft. with carefully 


dried and nen sand. Near the top 
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of the sand were placed two nickel elec- 
trodes, 4 in. wide and 1 inch. apart, 
extending across the diameter of the pit. 
Two high-tension leads were brought out 
to allow measurement of sand resistance 
with a ‘“‘Megger.”’ This provided an easy 
means of determining the condition of 
the sand at any time. Resting on this 
sand is a reinforced concrete slab and 
block extending to the floor level. This 
provides an annular space below the 
floor level for the weights and weight 
carriers. The general appearance of 
the first unit installed is shown in Fig. 11. 
The over-all dimensions are 8 ft. in 
height above floor level and 7 ft., 4 in. 
in diameter. 


INSTALLATION AND CALIBRATION 


The assembly of the equipment was 
completed and heating started on April 
20, 1936. On the first heating, tem- 
peratures varied from 645 to 1050 F. in 
various parts of the furnace. On ac- 
count of the high heat capacity, changes 
to effect more uniform heating had to be 
followed by long waiting for equilibrium 
conditions. It required several weeks to 
attain uniform temperatures near 1000 
F., the maximum for which the furnace 
was designed. 

The temperature was then reduced to 
932 F. (500 C.) and adjustments made 
to secure the best possible heat distribu- 
tion at that temperature. These initial 
adjustments were made with a low stress 
on dummy test specimens. During this 
time N. L. Mochel had developed a tech- 
nique for machining these long specimens 
and the first lot of nickel-chromium-mo- 
lybdenum steel was installed on July 17. 
Adjustments and loading were completed 
and the first tests started on July 24, 
1936. 


OPERATING TECHNIQUE 


The details of operation have been in 
a state of flux to a certain extent. It 
was decided at the start that the best 


way to develop the proper testing pro- 
cedure was by the conduct of actual 
tests. This necessarily imposes con- 
flicting restrictions. It is generally de- 
sirable to avoid any changes in equip- 
ment or methods during creep tests. 
On the other hand, development re- 
quires such changes. As a result of 
combining the two functions, develop- 
ment has not been as rapid as it might 
have been. Also, certain allowances 
must be made in interpreting the test 
data for changes in method made from 
time to time. 

While considerable development work 
was done on the use of the optical ex- 
tensometer we are not prepared as yet 
to give data obtained by its use. Creep 
data which have been reported were ob- 
tained by use of a dial gage measuring 
over a 20-in. gage length. Proof as to 
the extent of influence of possible di- 
mensional instability of the comparison 
rods will be considered later among the 
results obtained by the optical extensom- 
eter. 

The: most important influence upon 
the measurement of creep is the uni- 
formity of temperature throughout the 
gage length of each specimen and from 
beginning to end of test. A detailed 
study of this problem indicates that the 
apparent results obtained depend upon 
the number of points of measurement, 
the location of the thermocouples used, 
and the circumstances surrounding the 
measurements. A detailed discussion of 
these points is beyond the scope of this 
paper. 

In general, chromel-alumel thermo- 
couples are bedded into the surface of 
the steel blocks forming the furnace at 
the top, center and bottom of the 20-in. 
gage length, the middle of the upper and 
lower windings, and the extreme top and 
bottom adjacent to the mica insulating 
blocks. Two additional couples are lo- 
cated in the vertical center at 120 deg. 
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from those indicating the vertical tem- 
perature distribution. Since it was 
found that best temperature control re- 
sulted from connection of the control 
instrument to the couple nearest the 
center of the lower winding, additional 
couples were inserted in this location for 
spares. Six other couples are clamped 
to the top and bottom of the gage length 
of three specimens located 120 deg. apart 
to give actual specimen temperatures. 
By means of suitable switches, any of 
these couples may be connected to a 
potentiometer sensitive to changes of 
one microvolt. Any six may be con- 
nected at one time to a recording in- 
strument for the study of temperature 
iluctuations. This gives a continuous 
record of the principal temperatures. 

The final measurement of temperature 
variations has to be done under con- 
ditions which are not the best for ob- 
taining true temperature measurements. 
Each time that creep readings are taken, 
thermocouples are inserted near the 
upper and lower windows and at the cen- 
ter of the gage length. These are held 
in contact with the surface of the speci- 
men by means of external springs. After 
insertion the measured temperature rises 
with the heating of the couple. At the 
same time, the specimen nearest the 
windows shows a slight decrease in tem- 
perature due to the presence of the win- 
dow. As a result, the measured tem- 
perature rises and then falls, the maxi- 
mum reading being taken as the desired 
temperature. This gives three obser- 
vations on each specimen at least five 
times a week when creep readings are 
taken, in addition to the six couples 
clamped to specimens and the six con- 
nected to the recorder. 

Cold junctions are maintained at 32 F. 
(0 C.) in melting ice in a vacuum bottle. 
To minimize the effects of possible aging 
of couples, all of those permanently fixed 
in the furnace are replaced at the end of 
each run. 
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In the use of these data, it is assumed 
that the best measurement of specimen — 
temperature is obtained from the couples 
clamped to thespecimens. Itisassumed — 
also, that the best measure of tempera-_ 
ture variation is obtained from the 
couples inserted periodically. It should 
be noted that couples inserted in this 
way tend to accentuate variations on— 
account of the impossibility of dupli-| 
cating contact conditions, and the fact 
that couples break and are replaced oc- | 
casionally. Each day, the readings of 
the six couples clamped to the specimens 
are averaged and compared with the 
average of the adjacent 6 readings from 
the inserted couples. The difference 
between these two averages is added as 
a correction for window cooling effect: 
to the readings of each of the inserted 
couples. 


PERFORMANCE 


The first series of tests was continued 
till November 11, a total of 2660 hr., 
when the furnace was allowed to cool 
for inspection of the winding and re- 
placement of thermocouples. For this 
purpose the shell was removed by the 
overhead crane. After minor repairs, 
the shell was replaced, furnace heated 
and the next lot of specimens installed 
on November 20. The second run 
started on November 24 and it had con- 
tinued for 3594 hr. on April 23, 1937. 
It is interesting to note that after the 
first test was started the only interrup- 
tion to actual creep testing was a period 
of 13 days for cooling, inspection, re- 
pairs, heating and starting the second 
run. 

This non-productive time for the first 
nine months of operation amounts to 
5 per cent. Whether or not this can 
be improved depends upon the extent of 
repairs and replacements which may 
be necessary. To anticipate possible 
trouble with the winding, a new design 
has been adopted for the later units. 
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This will allow relatively rapid replace- 
ments in the event of winding failure. 
Under ordinary conditions, the future 
productive time is estimated to be about 
95 per cent. 

Since the second run is not yet com- 
pleted, it is necessary to give results from 
the first run as an example of the type of 
data obtainable. Figure 12 shows creep 
curves from tests at 932 F. (500 C). and 
stresses of 8000, 12,000, 20,000 and 
30,000 lb. per sq. in. These are not 
representative of the best results ob- 
tained since they were affected by a 
number of changes in adjustments and 
other minor details essential to the de- 
velopment of the equipment. The 
change to continuous rotation of the 
furnace shell, made during the second 
run also resulted in a decided improve- 
ment in temperature uniformity and in 
the scatter of test points. 

The material represented by these 
curves was cut from a forging prepared 


and heat-treated by N. L. Mochel. The 
analysis is as follows: 

0.35 

0.20 

2.70 


In the preparation of this material, a 
19-in. octagon fluted ingot was punched 
and mandrel-forged to a hollow cylinder 
18-in. outside diameter by 16-in. inside 
diameter by 30 in. long. This was given 
the following heat treatments: 


1750 F.—5 hr.—air cooled 
1650 F.—5 hr.—air cooled 
1550 F.—5 hr.—air cooled 


1250 F.—5 hr.—slow cooled 
. 1160 F.—3 hr.—slow cooled 

Rough machined 

1050 F.--5 hr.— slow cooled 


A discussion of the various methods of 
interpretation used to appraise materials 
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and to determine safe working stresses 
for high-temperature service is beyond 
the scope of this paper. A few repre- 
sentative references? serve to indicate 
the trend of thought in the direction of 
application of creep test data to problems 
of design and selection of materials. 
CONCLUSIONS 

As a result of this development it ap- 
pears that reliable creep test data are 
obtainable by meeting the fundamental 
requirements of similar test specimens, 
constant stress, constant and uniform 
temperature, and means of creep meas- 
urement suited to the purpose of the 
tests. Under these conditions it should 
not be necessary to specify closely all 
the details of equipment and procedure 
in order to secure comparable test data 
from different sources. That the qual- 
ity and quantity of data obtained during 
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the first year have justified the installa- 
tion is indicated by the decision to build 
two more similar units which are now 
nearing completion. These will permit 
twelve simultaneous tests at each of 
three temperatures using a 20-in. gage 
length. The development of the optical 
extensometer has reached the stage 
where it appears safe to predict for the 
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near future that 60 tests on 3-in. gage 
lengths will be obtainable in each fur- 
nace. Up to the present time, com- 
parative tests using the same material 
in our new and old equipment’ have not 
been made. Such a comparison is in- 
cluded in our testing program together 
with a large number of other investiga- 
tions of creep properties of various 


materials under various conditions. Bund tenance and test observations. 
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DISCUSSION 


Mr. Ernest L. Ropinson! (presented 
in written form).—This paper describes a 
type of furnace admirably adapted to 
the requirements of a turbine manu- 
facturer. The measurement of small 
amounts of extension is provided for, 
at the same time permitting the simul- 
taneous conduct of a large number of 
tests. This equipment should prove 
capable of yielding a large bulk of ac- 
curate results. 

The designer has shown great courage 
in his attack on the possibility of mul- 
tiple gage length specimens. The Gen- 
eral Electric Co. has made use of a 
specimen with two sections, one 0.505 in. 
in diameter and the other 0.357 in. indiam- 
eter, with an extra gage rod where the 
section changes so as to permit obtaining 
extension results on two stresses with 
a single specimen. 

For a multiplicity of small gage 
lengths, Mr. McVetty proposed to use 
microscopes mounted outside. Not 
only does the short gage length mean a 
greatly reduced absolute length to 
measure, but the setting and reading of 
_ the microscopes is likely to be less ac- 
curate. In fact, reliable readings of 
elastic extension are likely to be quite 
difficult in view of the time element 
involved as well as the small quantities 
to be measured. In addition to the 
difficulty of identifying sufficiently small 
gage marks, there is also the lack of 
thermal compensation. However, Mr. 
McVetty has spared no effort in trying 
to secure the most precise measuring 


1 Turbine pagnening Dept., General Electric Co., 


arrangement possible within the limita- 
tions of the method. 

The microscope attachment will be 
ideal for the conduct of creep tests 
where it is not necessary to measure very 
small amounts of creep and will facili- 
tate the accumulation of a bulk of 
results per furnace which is very im- 
portant. /. the same time Mr. Mc- 
Vetty is equipped to use a full 20-in. 
compensated gage length with a direct 
reading dial for the measurement of 
small extensions whether elastic or 
plastic. 

In using multiple-section specimens it 
may be useful to bear in mind that the 
percentage of creep in the lower stressed 
gage lengths will be much less than in 
the higher stressed specimens. For 
instance, to have fairly equal absolute 
extensions to measure, the gage lengths 
should be increased roughly as the fifth 
power of the cross-sectional area (tenth 
power of the diameter), or, putting the 
relation another way, the gage lengths 
of the largest diameters in specimens 
(d) and (e) of Fig. 1 of the paper might 
appropriately be made 10 or 20 times 
as long as the gage lengths of the 
smallest diameters. 

Mr. H. J. Goucu.?—I should like to 
ask Mr. McVetty a question essentially 
concerning the economics of the machine 
described. The underlying policy in- 
volved in the use of a new type of ma- 
chine is also of especial interest to those 
of us who have to weigh in advance all 
the factors involved in such departures 


2 Superintendent, Engineering Dept., National Physical 
Laboratory, Teddington, Middlesex, England. ? 
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from previous practice. In my experi- 
ence with a great variety of kinds of 
testing there are two cost aspects in- 
volved which are not necessarily re- 
lated and whose combined effect on 
the total cost of the investigation must 
be seriously considered with regard to 
the policy involved: the first is the total 
cost of the apparatus, including all draw- 
ing office and workshop charges; the 
second is the cost of the actual testing 
which mainly concerns the staff time 
involved. In a long-range investiga- 
tion, the latter usually assumes the 
greater proportion of the whole and, 
hence, controls the average cost per 
test. Now, in my own laboratory, we 
adopt the principle of a number— 
forty and. more—of individual units. 
Mr. McVetty’s machine is of the mul- 
tiple unit type, taking up to 12 speci- 
mens at a time. In the first place, it 
does not appear to me that there is 
any reason to assume that the time 
involved in making measurements on 
12 specimens in either type of machine 
would differ appreciably; if this is so, 
the multiple unit machine possesses no 
economic advantages. It is very desir- 
able, in time-consuming tests of the 
“creep” type, that the method of 
test adopted should permit of the ut- 
most elasticity of amendment of any 
test program as originally drawn up; 
amended test conditions, such as stress 
and temperature, may be required in 
view of the results obtained and such 
amendments would not necessarily apply 
to all the specimens of a batch number- 
ing as many as 12. Such alterations 
obviously can easily be made when 
single units are employed without in- 
terfering with any of the other tests; 
each test is quite independent of the 
others which are in current progress. 
But, in the case of the multiple unit 
described, it will not be so easy and it 
appears to me that this disadvantage is 
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inherent in such apparatus and will be 
shown in the testing costs. No doubt 
this important point has been fully 
considered by Mr. McVetty and I shall 
be very glad to have his remarks and 
experience. 

Mr. P. G. McVetty* (author’s clo- 
sure).—In preparing this design, it was 
necessary to keep in mind the limitations 
imposed by our needs and to choose 
methods best suited to our objectives. 
We wanted to provide means of secur- 
ing data in large quantities without 
sacrificing the accuracy and reliability 
of carefully conducted individual tests. 
To attain this end we drew freely from 
the experience of other laboratories as 
well as our own. In many cases, a com- 
promise enabled us to correlate conflict- 
ing requirements without departing ma- 
terially from the desired objectives. 

Mr. Robinson mentions the difficulties 
involved in the use of micrometer micro- 
scopes to measure relatively short gage 
lengths. It was only after very careful 
consideration of the many factors in- 
volved that we departed from the use 
of the Martens type extensometer which 
has given us consistently good results for 
many years. The use of the optical 
comparator is the accepted method for 
checking line standards of length and 
for the finest tool room measurements. 
In adapting this principle to use at 
high temperatures we were guided by 
the fact that other laboratories are using 
micrometer microscopes for creep meas- 
urements. We found by experiment 
that suitable reference marks on plati- 
num targets gave no difficulty in identifi- 
cation, even after long exposure to high 
temperature. 

We considered carefully the matter of 
thermal compensation and made provi- 
sion for it. Any measurement repre- 
sents some comparison of the object 


3 Mechanical Engincer, Research Laboratories, Westing- 
house Electric and Manufacturing Co., East Pittsburgh, Pa. 
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measured with a reference standard. In 
the dial gage method the reference 
standard is a rod within the furnace. 
Unless this rod is of the same material 
as the test specimen, departures from 
constant uniform temperature introduce 
errors difficult to correct. Also, the 
matter of dimensional stability of these 
rods at the test temperature cannot be 
ignored. We prefer to use as a reference 
standard a low-expansion glass bar sub- 
ject only to the effect of room tempera- 
ture fluctuations which can be reduced 
to a negligible amount. The gradua- 
tions on this bar may be checked by 
Johansson blocks or the blocks may be 
used directly. 

In reference to gage length, the prac- 
tice in different laboratories varies from 
2in. to 20in. The 2-in. length requires 
extremely sensitive and accurate meas- 
uring equipment, but most of the labora- 
tories in this country are using it. As 
the gage length is increased, the creep 
becomes more easily measured and the 
less sensitive dial gage method becomes 
suitable. We use this as a check on 
the creep of the 20-in. gage length. As 
a further precaution we use two sets of 
comparison rods to detect bending of the 
specimen. The main objections to long 
specimens lie in the difficulty of secur- 
ing greater quantities of uniform test 
material and maintaining uniform tem- 
perature over the longer gage length. 
The varying importance of these con- 
siderations in different applications sug- 
gests some flexibility in the choice of 
gage length. In this design, means are 
provided for measuring various lengths 
of the same specimen without change in 
testing conditions. 

Mr. Robinson’s suggestion of a change 
from the commonly used length-diam- 
eter ratio to one in which the gage length 
varies as the tenth power of the diam- 
eter could not be adopted without a 
study of its effects. The advantage of 
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approximately equal extensions is prob- 
ably less important than the relative 
effect of scaling on test results obtained 
with various surface-volume ratios. 

The question of economics raised by 
Mr. Gough is extremely important and 
we found it desirable to study the rela- 
tions between initial and operating costs. 
We have had considerable experience 
with individual unit machines over a 
period of about fourteen years. In 
developing the new design, we compared 
the individual and multiple unit types 
when applied to installations of various 
sizes. Only in the case of relatively few 
tests was the element of first cost in 
favor of individual units. We could not 
build twelve single machines for the 
cost of one of these large units. If we 
succeed in making sixty tests in one 
machine, the advantage of the new type 
is correspondingly increased. From the 
standpoint of operating costs, our experi- 
ence with both types indicates a decided 
advantage in favor of the multiple-unit 
machine. We have found that daily 
readings on five single machines require 
the full time of one man. A large part 
of this time is used in bringing the fur- 
naces to temperature equilibrium at the 
exact test temperature. In the new 
design, the large mass of alloy steel 
forming the body of the furnace helps 
to maintain a constant uniform tem- 
perature and a man can take readings on 
twelve tests in fifty minutes. Since 
labor is the largest element of operating 
cost this indicates a factor of about ten 
to one in favor of the multiple unit 
machine. 

In reference to the effect of changes in 
individual tests upon adjacent tests, our 
greatest difficulty has resulted from 
changes in heat conductivity of the 
alternate plates of mica and steel at 
the top end bottom. On this account, 
stress changes disturbed the temperature 
uniformity within the furnace so that 
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changes in heat distribution among at the ends and a single alloy steel 
the three windings were required. In block to form the body of the furnace. 
the later units, this has been improved With this construction we expect to be 
by substituting solid porcelain blocks able to change tests without difficulty. 
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A COMPARISON OF THE METHODS USED FOR INTERPRETING C RE E P 


TEST 


1 


DATA 


_ By Josep Marin! 


SYNOPSIS 


_ There have been a number of methods developed for interpreting tension 


creep test data for the purpose of determining working stresses. 


All methods 


require extrapolation of test results beyond times covered by the tests. Vari- 


ous procedures have been used in making such extrapolations. 


It is the 


object of this paper to compare the working stress values as determined by the 


various methods. 


A comparison of results shows that there are appreciable 


differences in the working stresses as obtained by different methods of inter- 


pretation. 


INTRODUCTION 


In the design of members subjected 
to high temperatures the working stress 
for a given operating temperature is 
defined by a permissible plastic strain 
in a specified time. To determine such 
a stress, creep-time data are obtained 
and plotted as shown in Fig. 1. The 
curves shown are for tests made by 
Kanter? on 12 per cent chromium iron. 
To determine the working stress from 
such test results it is necessary to 
extrapolate the results to a time beyond 
that covered by the test. There are 
a number of methods used in doing this. 
A discussion of the various factors in- 
volved in the interpretation of creep 
test data and of the methods used is 
well summarized by Kanter.’ It is of 
significance, however, to compare the 


1 Assistant Professor*of Engineering Materials, College 
of Engineering, Rutgers \/—_~ New Brunswick, N. J. 

2J. J. Kanter and L. W. Spring, “Some Long-Time 
Tension Tests of Steels at Elevated Temperatures,” 
Proceedings, Am. Soc. Testing Mats., Vol. 30, Part I, 
p. 110 (1930). 

*J. J. Kanter, “Interpretation and Use of Creep Re- 
sults,” Transactions, Am. Soc. Metals, Vol. 24, No. 4, 
December, 1936, p. 870. 


working stress values as obtained by 
different methods of interpretation. 


METHODS OF INTERPRETATION 
Method 1—McVetty’s Method: 


McVetty* assumes that the creep 
rate - time relation can be considered 
as 


where v = >- = the creep rate or 


dt 
_ slope of the creep-time curve, 
t= the time, and 


v,c and = material constants for the 
particular stress and tem- 
perature. 

The unit plastic or creep strain (€,) is 

by integration of Eq. 1: 


a 


In Eq. 2 as ¢ becomes large, the creep 
Ep approaches the value «, = € + wl. 
That is, a constant creep rate is ap- 

4p. G McVetty, “Working Stresses for High-Tem- 


rature Service,” Mechanical Engineering, Vol. 56, No. 3, 
farch, 1934, p. 149. 
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proached asymptotically (Fig. 1). Mc- 
Vetty shows‘ that this function, with 
properly determined constants, repre- 
sents quite accurately the actual creep- 
time curves. He assumes that for 
greater times than those covered by the 
tests, the plastic strain can be deter- 
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Such relations are obtained directly from 
Fig. 2. Thus for a creep of 1 per cent 
in 10 vr. the working stress for a tem- 
perature of 800F. is the ordinate to 
the 10-yr. curve in Fig. 3. In the same 
way, stresses can be selected from Fig. 
3 for other percentages of creep in 10 


0.002 


0.00! 


Plastic Strain, in. per inch 


000 Ib. per 


400 


Fic. 1, 


mined by the asymptote of Eq. 2, 
namely, 


the constant ¢, representing the inter- 
cept on the creep axis (Fig. 1). Extrap- 
olated creep-time relations as obtained 
by McVetty for various stresses are 
shown in Fig. 2 for a temperature of 
800 F. To obtain a working stress 
value—a stress producing a specified 
creep in a selected time—a plot is first 
made between stress and percentage of 
creep using various times (Fig. 3). 


Time, hr. 


Creep-Time Relations for a Temperature of 800 F. 


1000 


yr. For a temperature of 800 F. these 
stresses are then plotted as ordinates 
in Fig. 4. The stresses for other tem- 
peratures are also determined such that 
relations between stress and temperature 
for various creep values can be deter- 
mined as shown in Fig. 4. 


600 800 


Method 2—Bailey’s Method: 


In a method used by Bailey® a series 
of creep-time curves are obtained for a 


_ 5R. W. Bailey, “The Utilization of Creep Test Data 
in Engineering Design,” Preprinted and read before the 
Institute of Mechanical Engineers (London), November, 
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From the relations between time and 
creep, the variation between tempera- 
ture and time is determined for various 
percentages of creep (Fig. 6). ‘The tem- 


1000 


material subjected to a given stress and 
tested at various temperatures. A plot 
of the results from each test is made as 
shown in Fig. 5, by plotting the loga- 


, log scale 


Log Time, yr 


0.1 
800 


02 | 08 10 


Plastic Strain, per cent a) 
Log-Time-Creep Relations. 7 


Stress, 4000 lb. per sq. in. 


Fic. 5. 


Temperature, deg. Fahr. 


l'1c. 6. Log-Time-Temperature Relations. 


Stress, 4000 Ib. per sq. in, 


Ib. per sq. in. 


Stress, 


McVetty's method 
——-—JBailey’s method 


Temperature, deg. Fahr. 


7. 


rithm of the time against the creep. 
The creep-time curves are then extrap- 
olated as shown by the dotted lines to 
times beyond those covered by the tests. 


Comparison of McVetty and Bailey Methods. 


perature to produce for the stress of 
4000 Ib. per sq. in., say an 0.8 per cent 
creep in 2 yr., can now be selected from 
Fig. 6. Temperatures corresponding to 
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other creep values can be obtained in 
the same way. These values of tem- 
perature can be plotted as abscissa for 
the stress of 4000 Ib. per sq. in. as re- 
presented in Fig. 7. Similar points are 
determined for other stress values such 
that relations between working stress 
and temperature can be plotted. These 
relations are shown by the dotted curves 
in Fig. 7. 


Method 3-—Log-Log Method: 


A method which has been frequently 
used is to plot for a selected tempera- 
ture the relation between the logarithm 


6000 , 


determine the creep rates corresponding 
to stress values not covered by the tests. 

Other methods of interpretation than 
the above are explained in papers by 
Kanter,* Soderberg’ and Weaver.’ For 
the purpose of comparison, only those 
stated above can be conveniently used. 


COMPARISON OF METHODS 


The author was unable to find com 
plete creep test data for a material 
such that a comparison between the 
methods could be made. For this 
reason, methods 2, 3, and 4 were com- 
pared with McVetty’s results as given 
in Figs. 1 to 4. That is, the creep-time 


Jan 


T 
Mc Vetty’s method 
Bailey's method 
27 


1000 


Temperature, deg. Fahr. 


8.-Comparison of McVetty and Bailey Methods. 


of stress and the logarithm of the mini- 
mum creep rate. A straight line is 
assumed to represent these test results 
and a prolongation of this line is as- 
sumed to give creep rates for stress 
values not covered by the tests. 


Method 4—Log Method: 


This method is similar to method 3. 
The stress in place of logarithm of 
stress, however, is plotted against the 
logarithm of the minimum creep rate. 
It is then assumed that the relation 
between stress and log creep rate is 
linear and extrapolation is made to 


relations shown in Fig. 2 were used as 
a basis of comparison. It is realized 
that this basis does not give accurate 
results. Such a procedure, however, 
shows in general the extent of divergence 
between the methods. For the Bailey 
method the stresses are shown in Fig. 7 
for different creep rates. These results 
are based on an extrapolation of creep 
data from 1 to 2 yr. Figure 8 shows 
similar curves for extrapolations of data 


®C. R. Soderberg, “The Interpretation of Creep Tests 


for Machine Design,” Transactions, Am. Soc. Mechanical 
Engrs., Vol. 58, No. 8, November, 1936, p. 733. a 

7S) H. Weaver, “The Creep Curve and Stability of 
Steels at Constant Stress and Temperature,” Transactions, 
Am. Soc. Mechanical Engrs., Vol. 58, No. 8, November, 
1936, p. 745. 


7 
262 — 
| “2. 
} 
ce 
| 
Se, = < 
1200 
800 300 1100 


- 10 000 


8 000 


, Ib. per sq. in 


6 000 


Stress 


n 

° 
oO 


8 


, Ib. per sq. in. 


Mc Vetty’s method 
———Log-Log method 


Temperature, deg. Fahr. 
Comparison of McVetty and Log-Log Methods. 


McVetty’s method 
Log method 


S 
S 


900 


Temperature, deg. Fahr. 


Comparison of McVetty and Log Methods. 


1100 


MARIN ON INTERPRETING CREEP Test Data 
14000 
y 12 000 
e > 
- 
. 
PEN | 
NSS 
2.000 
* 
| 
_ 800 900 1000 1100 1200 
14.000 | 
| 
as \ SA | 
ed 2> 
RAN 
SSS 
800 00 12000 
aical 
of Fis. 10, 


264 MARIN ON INTERPRETING CREEP DATA 


from 1 to 10 yr. The maximum per- 
centage divergence in stress for various 
temperatures as obtained from Figs. 7 
and 8 are listed in Table I. 

An estimate of the error in the log- 
log method is obtained by assuming a 
straight line in the log stress - log 
creep rate diagrams, between points 
representing 0.2 and 1.0 per cent in 
yr. 
tions in Fig. 9 are based on this proce- 
dure. Table II shows the maximum 
percentage divergences in stress for dif- 
ferent temperatures. 

The error in the log method is indi- 
cated using the above procedure for the 
log-log method. stress-tempera- 
ture relation based on this method is 
plotted in Fig. 10. The maximum per 
cent divergences in stress values are in 
Table II. 


DISCUSSION AND CONCLUSION 


The divergence in the stress values by 
Bailey’s method indicates that consider- 
able error may be introduced in extrap- 
olation of test results to times much 
beyond those covered by the tests. 
By the log-log and log methods dis- 
crepancies in stress values indicate 
that these methods may give large 


The stress-temperature rela-— 


errors. This is particularly true in view 
of the assumptions made in fitting 
the results to the stress-temperature 
relations for 0.2 and 1.0 per cent creep. 
It should be noted that the above results 
apply to a particular material, and that 


TABLE I.—MaximuM DIVERGENCE IN STRESS 


FOR VARIOUS TEMPERATURES. 
DIVERGENCE IN STRESS, 
PER CENT 
EXTRAPOLA- EXTRAPOLA- 
TION, 2 YR. TION, 10 yr, 


+28 
+64 
+119 


TEMPERATURE, 
DEG. FAHR. 


TABLE II... Maximum DIVERGENCE IN STRESS 
FOR VARIOUS TEMPERATURES. 
DIVERGENCE IN STRESS, 
PER CENT 


Loc-Loc Loc 
METHOD METHOD 


+8 
+20 


TEMPERATURE, 
DEG. Fane. 


the creep-time curves were constructed 
on the basis of McVetty’s assumed 
creep-time relations. The results indi- 
cate, however, that there may be con- 
siderable difference in the working stress 
value as obtained by different methods 
of interpretation. 
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DISCUSSION 


Mr. JoHN Boyp! (presented in written 
form).—It is interesting that the matter 
of the interpretation of creep data con- 
tinues to attract attention in engineer- 
ing circles. Such an interest is probably 
quite justified in view of the variance in 
the results between the different meth- 
ods used at the present time. 

Whenever an investigator attempts 
the problem of interpreting a set of 
creep test data, he immediately must 
give consideration to the manner in 
which the test data are plotted. Im- 


pressions gained from the appearance of 
such plotted data, together with pre- 
conceived thoughts on the matter and 
the desire to represent the findings 


simply, all influence the type of interpre- 
tations developed. The accompanying 
Figs. 1 to 4 show three of the more com- 
mon sets of coordinates used in plotting 
relations between creep and time. These 
include: the regular plot; the semi-log 
plot; and the double log plot. 

In the accompanying Fig. 1, which is 
the regular plot of percentage of creep 
versus time in hours, lines C and D 
represent uniform increases in strain of 
0.1 and 0.01 per cent per year, respec- 
tively. These are ideal conditions, 
showing zero strain at zero time. Lines 
A and B also have slopes of 0.1 and 
0.01 per cent per year, respectively, but 
show a positive strain of 0.05 per cent at 
zero time. This intercept of 0.05 per 
cent is arbitrary, but was chosen as a 
practical value since it was the same as 
the intercept of the asymptote to the 


' Research Engineer, Research Laboratories, Westing- 
house Electric and Manufacturing Co., East Pittsburgh, Pa. 


creep curve, also shown in Fig. 1. This 
curve was taken from data which were 
distributed by Mr. S. H. Weaver of the 
General Electric Co. in conjunction with 
his paper on “The Creep Curve and Sta- 
bility of Steels at Constant Stress and 
Temperature.’” This particular test is 
plotted in Fig. 1 because it is typical of 
creep results and because, having run 
some 45,000 hr., it is the longest test yet 
recorded. 

Figure 2 shows a semi-log plot of 
percentage of creep versus log time with 
this time scale extending to a service 
period of 20 yr. The lines A, B, C, 
and D of Fig. 1 are replotted in Fig. 2 
and appear as exponential curves. The 
influence of considering or neglecting 
the intercept of the asymptote may be 
seen. Weaver’s curve is also shown. 

Figure 3 is a double log plot of the log 
of the percentage of creep versus the 
log of time. Again lines A, B, C and D, 
together with Weaver’s curve, have been 
plotted. It should be noted that 
straight lines passing through the origin 
in the ordinary plot of Fig. 1 appear as 
straight lines inclined at 45 deg. in the 
double log plot of Fig. 3. Lines C and 
D may be associated with interpretations 
based on creep rate alone. Lines such 
as A and B are at first horizontal and 
later turn upward, finally approaching 
the straight lines C and D. The thing 
that is important to interpreters of 
creep test data is the location of the 
turning point along the time scale. 


2 Transactions, Am. Soc. Mechanical Engrs., Vol. 58, 
No. 8, November, 1936, p. 745. The test shown is for a 
nickel-chromium-molybdenum steel at 842 I’. and.a stress 
of 25,000 Ib. per sq. in. 
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For the practical case mentioned, it is 
seen that this point or region lies be- 
tween 1000 and 100,000 hr. Weaver’s 
curve*® when shown on this plot is fairly 
straight for about the first 1000 hr. and 
then gradually turns upward. 

Figure 4 has exactly the same co- 
__ ordinates as Fig. 3, but shows several 
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Fic. 1.—-Creep-Time Curves—-Regular Plot. 


1 10 10? 10% 10% 10° 
Time, hr. 
Fic. 3.—-Creep-Time Curves—Double Log Plot. 


different actual creep curves for various 
materials and temperatures. Curve 1 is 
a test by Sturm, Dumont and Howell 
on three-fourths hard 43S aluminum 
alloy at room temperature and 16,000 
lb. per sq. in. stress.‘ Curve 2 is a test 
by McVetty on a carbon-molybdenum 
steel at 930 F. and 20,000 Ib. per sq. in. 


3 Interpolated at the lower end by the writer. 


‘Journal of Applied Mechanics, Vol. 3, No. 2, June, 


1936, p. A-62. 
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sion of the time 
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stress. Curve 3 is a test by Cross and 
Lowther on 0.35 carbon steel at 850 F 
and 7500 lb. per sq. in. stress.4 Curve 
4 is the test by Weaver already referred 
to. Curve 5 shows a creep test by the 
writer on 10 per cent prestretched copper 
at room temperature and a stress of 
11,050 lb. per sq. in. 


12 510 20yr. 


| 10 


10? 10% 10% 10° 
Time, hr. 
Fic. 2.--Creep-Time Curve—Semi-log Plot. 
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Fic. 4.—Creep-Time Curves—Double Log Plot. 


Curves such as 1, 2, 3, 4 and 5 repre- 
sent the extent of the data for which 
interpretation is to be made. Most 
tests do not run over 1000 to 2000 hr. 
If no test data beyond this time were 
available, one might easily conclude that 
a creep curve could be quite accurately 
represented by a power function expres- 
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where € = creep strain in per cent, 
t = time in hours, and a and m are 
constants. General expressions of this 
form have been suggested for creep. It 
must be pointed out, however, that tests 
that have run for longer periods of time 
all seem to indicate that a more or less 
uniform creep rate has been attained, 
and as a consequence, the creep curves 
gradually turn up, approaching a 45-deg. 
slope on double log paper. 

Depending upon the use which is to 
be made of the creep data, the method 
of extrapolation may become very im- 
portant. Drawing a straight line on 
one plot or another has been a rather 
popular manner of interpreting such 
data. However, if a straight line is 
drawn through the data of a 1000-hr. 
creep test and extrapolated, it will give 
an extension between five and ten times 
less than that which would be obtained 
by extending the creep curve to a 45-deg. 
slope or by assuming a constant strain 
rate. 

In Fig. 2, a straight line has been 
drawn tangent to Weaver’s curve at 
1000 hr., after the manner of extrapola- 
tion sometimes used. This same line 
has been replotted in Fig. 3. When the 
creep in a period of 20 yr., as found by 
this line, is compared with the probable 
value which will be reached by Weaver’s 
test, it is seen that the straight line on 
semi-log paper would show only about 
one-tenth the plastic strain given by the 
assumption of constant creep rate. 

While it is not intended to convey the 
thought that all the various curves in 
Fig. 4 must gradually turn up at 45 deg. 
(or attain constant creep rates), it is 
again to be pointed out that several 
tests, together with the longest one on 
record, show this tendency. When com- 
paring materials, it is probably not so 
important that long tests be run, and 
testing times of 1000 hr. and less may be 
sufficient. However, when the amount 
of allowable creep in a service time of, 
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say 20 yr., is specified, the type of extrap- 
olation used is quite important. In 
this latter case it may not be too safe to 
base general laws or extrapolation on 
tests of 1000 hr. duration unless the 
importance of the various factors in- 
volved is thoroughly understood. Even- 
tually, long tests of many years duration 
may be available for checking the valid- 
ity of various assumptions, but for prac- 
tical purposes at the present time, inter- 
pretations such as those by McVetty and 
Weaver appear to fit the available test 
information very well. 

Mr. P. G. McVetty.'—The author 
has performed a valuable service in 
pointing out the effect of various meth- 
ods of interpretation upon the conclu- 
sions drawn from creep data. It is evi- 
dent that the proper use of such data 
for design purposes requires a clear 
understanding of several factors. These 
include methods of interpretation, de- 
tails of the creep tests, the extent to 
which the test specimens are truly repre- 
sentative of the material being studied, 
and finally the metallurgical character- 
istics of the material. Without such 
intimate knowledge of the problem, it 
is doubtful whether data obtained in 
tests of a few months duration may be 
extrapolated safely to times represent- 
ing the service life of the material. 

Prior to 1933 there was a general 
tendency on the part of designers to 
consider creep rates only and to pay no 
attention to the fact that a tangent to 
the actual creep curve represented by 
the creep rate seldom, if ever, passes 
through the origin. The paper to which 
the author refers was written primarily 
to suggest a relatively simple method of 
considering the creep intercept at zero 
time. 

Unfortunately, we do not know that 
the creep curve can be replaced by a 


5 Mechanical Engineer, Research Laboratories, West- 
inghouse Electric and Manufacturing Co., East Pittsburgh, 
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straight line such as the final tangent or 
asymptote. Other curves have been 
suggested as a basis for straight-line 
extrapolation. By logarithmic or semi- 
logarithmic plotting, these methods as- 
sume a power function or exponential 
relation between creep and time. 

Mr. Boyd has brought out a valuable 
point in connection with double logarith- 
mic plotting. The fact that such curves 
cannot be extrapolated along a straight 
line to times representing the service 
life of the material if the original creep 
curve has an intercept, is a serious objec- 
tion to this method of interpretation. 

In general, the author has shown that 
the method which considers the creep 
curve intercept at zero time usually 
leads to more conservative estimates of 
working stress than methods based on 
creep rates only. With our present 
knowledge of the subject, it is impossible 
to claim great accuracy for any of the 
present methods of interpretation. It 
is expected that studies of the long-time 
tests now being conducted will help to 
clear up some of the existing uncertain- 
ties. 

Mr. H. F. Moore.*—In the investi- 
gation of creep of lead, which has been 
in progress for several years at the Uni- 
versity of Illinois, it has been found that 
lead at ordinary room temperature seems 
to behave very much like steel at ele- 
vated temperatures. In creep tests of 
lead and lead alloys it is nearly always 
possible to distinguish two stages, and, 
if the test is continued long enough, a 
third stage. In the first stage which 
may extend over one or two weeks for a 
tension specimen there occurs a rapid 
stretch which may be regarded as the 
gradual adjustment towards regularity 
of stress distribution in the specimen. 
In the second stage, the rate of stretch 
diminishes greatly, and approaches a 
straight-line relation between creep and 
time. In the third stage, the rate of 


¢ Research Professor of Engineering Materials, Uni- 
versity of Illinois, Urbana, II. 
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creep again increases up to fracture. 
For lead and lead alloys, estimation of 
creep can, we believe, be satisfactorily 
made by the McVetty method, unless the 
creep gets into the third stage. This 
third stage seems to be the fracture stage, 
although for lead and lead alloys this 
stage may sometimes last over a long time 
—perhaps weeks or even months. In 
using creep data for design it would seem 
that, if the structural damage feared is 
the distortion due to non-fracturing 
creep, the McVetty method might be re- 
liable, at least for lead and lead alloys. 
If the structural damage feared is frac- 
ture or cracking, tests extending into the 
third stage would seem desirable. 

Mr. F. M. Howe .v.’—There is one 
point which we have observed in a 
number of creep tests and which may 
be of considerable importance. We 
have found that when the curve ob- 
tained by plotting the logarithm of 
creep as ordinates and the elapsed time 
as abscissas departs from a straight line 
there is also a slight change in the cross- 
sectional dimensions of the specimen, 
thus indicating, as Mr. Moore has 
brought out, that the departure from 
the straight line may show the beginning 
of structural damage. 

Mr. JosepH Marin.*—The informa- 
tion given by Messrs. Boyd, McVetty, 
Moore and Howell on the interpreting of 
creep test data is important in showing 
the discrepancies encountered in using 
various methods of interpretation. A 
method cf interpretation not included 
in the paper by the writer is one devel- 
oped by Soderberg.® A consideration of 
this method for several tests shows that 
it gives a closer agreement with test 
results than the interpretations con- 
sidered above. 


7 Engineer of Tests, Aluminum Reseatch Laboratories, 
Aluminum Company of America, New Kensington, Pa. 

8 Asistant Professor of Engineering Materials, College 
of Engineering, Rutgers University, New Brunswick, N. J. 

*C. R. Soderberg, “The Interpretation of Creep Tests 
for Machine Design,” Transactions, Am. Soc. Mec anical 
Engrs., Vol. 58, No. 8, November, 1936, p. 733. 
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THE CELITE TYPE HIGH-TEMPERATURE THERMAL CONDUCTIVITY 
APPARATUS 


peratures up to 1600 F. 


instrumental equipment. 


The Celite type apparatus for meas- 
uring thermal conductivity at high tem- 
peratures, originally built in the Celite 
Co. Research Laboratory at Lompoc, 
Calif., has been described by Calvert 
and Caldwell? and by Hartmann, West- 
mont and Weinland.* Since the pub- 
lication of the latter paper a number of 
important changes have been made in 
apparatus design and mode of operation, 
by the staff of the Johns-Manville Re- 
search Laboratories. It is the purpose 
of this paper to bring up to date the 
description of apparatus and method of 
testing. 


Physicist, Johns Manville C Manville, N. J 


. Calvert and L. Caldwell, ‘Heat Loss from Far 
nace ‘Walls, ” Industrial and Engineering Chemistry, 
Vol. 16, i? 5, p. 483 (1924). 

37M. L. Hartmann, O. B. Westmont and C. E. Wein- 


land, ‘ “Methods of Measuring the Thermal Conductivity 
of Insulating and Refractory Materials,” Proceedings, Am. 
Soc. Testing Mats., Vol. 28, Part II, p. 820 (1928). 


C. E. WEINLAND! 
SYNOPSIS 


This paper will bring up to date the description of this type of apparatus, 
four units of which are now in daily use for testing thermal insulation at tem- 
The present method of constructing heater plates is 
described, as is also the assembly of the apparatus with metallic isothermal 
plates and heaters for the ‘“‘cold’’ faces of the test samples, all of which are 
modifications introduced since the previous description was published. A 
simplified arrangement of the thermocouples is now used, and for electrical 
power measurement a wattmeter circuit is described which provides wattage 
readings over an extended range on a large number of power circuits, with the 
elimination of certain troublesome circuit errors and with the minimum of 
The method of conducting the test makes possible 
results in a form approximating the mathematical concept of conductivity, 
with attendant advantages in the use of the results in heat-loss calculations. 


Main Heater Plate: 


This plate is now wound upon a spi- 
rally grooved Alundum plate supplied by 
the Norton Co., Worcester, Mass.4 The 
use of platinum heating elements has 
been discontinued, for the heater plate 
temperature is limited to 1600F. as 
will be mentioned later, and at this 
temperature or lower the life of 
Nichrome V No. 22 B. & S. gage has 
been found comparable to that of the 
best platinum heater alloy. In winding 
the wire in grooves, the use of frequent 
spots of de Khotinsky cement is re- 
quired, due to the stiffness of the wire, 
in order to hold it in place until the 
cover plate (a 1}-in. thick alundum filter 
plate, RA98) has been cemented in 


4 Blueprint No. 21025, Norton Co., Worcester, Mass. 
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place. The method of winding center 
and edge coils, and the approximate 
location of the potential taps are shown 
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been interchanged in position, so that 
the external leads are of the alloy wire 
which is less subject to breakage from 


in Fig. 1. continued handling. 


Upper Alundum Plate. 
= 


“lower Alundum Plate 


= 


Dotted lines enclose the “area of power measurement.” 


Spiral Water 
Cooled Plate Heat Insulating Plate 7 
Cold Surface Heater 
==> Nickel Plate 
‘ Test 
Sil-0- Cel Sil-O- Cel 
Powder fdge Coil iz Edge Cor! Powder 
Area of Power Nickel Plate 
"i Measurement Cold Sur face Heater 
Heat Insulating Plate 
j Spiral Water Cooled Plate 
| | 
of Fic. 2.—Vertical Section Through Apparatus Showing Assembly of Parts. 


Figure 1 also shows the location of the 
differential couple used to detect tem- 
perature balance between center and 
edge of this plate. Since the 1928 


Assembly of Parts: 


‘The arrangement of the parts of the 
apparatus is shown in elevation in Fig. 


Fic. 1.—Arrangement of Differential Thermocouple and Heater Winding in Main Heater Plate. 


paper® the wires*have been so disposed 
as to shorten them materially, and 
platinum and platinum-rhodium have 


2, the entire assembly being surrounded 
by Sil-O-Cel insulating powder contained 
in a cylindrical shell as shown in Fig. 3. 
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The heat developed in the “Area of 
Power Measurement” (Fig. 2) divides, 
part flowing upward through one sample, 
the remainder flowing downward 
through the other sample. The meas- 
ured heat is forced to flow in parallel 
lines, perpendicularly to the faces of the 
samples (assuming the samples to be 
uniform and isotropic) by the fact that 
the faces of the heater plate are sub- 
stantially isothermal, and may be so 
maintained by observation of the differ- 


3.—Exterior View of Assembled Apparatus. 


ential thermocouple and manipulation 
of the edge coil current control. This 
design has been criticized’ as lacking 
metal faces for the heater plate and 
complete division between center and 
edge structures, but experimental veri- 
fication of the necessity of these features 
is at present lacking. 

The winding of the section of the 
main heater between the “Area of Power 
Measurement” and the edge coil is a con- 

Nicholls, “Determination of the Thermal Con- 


ductivity of Refractories,” Builetin, Am. Ceramic Soc., 
Vol. 15 No. 2, p. 37 (1937). 


tinuation of the former winding, and 
acts as a second guard, to improve 
assurance of attainment of the iso- 
thermal condition over the area of power 
measurement. 

In contact with the “cold” face of 
each sample there is a } in. thick plate 
of pure nickel, of diameter equal to the 
main heater and samples (8 in.). These 
plates, by virtue of their high thermal 
conductivity, serve to establish iso- 


thermal surfaces on the “‘cold”’ faces of 


the samples. They are separated from 
the samples by sheets of asbestos paper 
gz in. thick, which are necessary to 
prevent short-circuiting the thermo- 
couples in contact with the “cold” faces 
of the samples. 

In order that the “cold” faces of the 
samples may be maintained at tem- 
peratures of the order of 150 deg. Fahr. 
lower than that of the hot faces (that is, 
at temperatures up to 1450 F.) there is 
in contact with each isothermal plate a 
“cold-surface heater.” These heaters 
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4 Hot Plate 


are wound upon the same type of grooved 
freoof |  Alundum plate and with the same heater 
— | sre wire and cover plate as the main heater, 
ment but without potential leads from the 

‘ central section, and with the main wind- 

ing continued to the edge of the plate in 


of a separate edge winding. Each 
ok supplied from its own current control, 


Center Heater 


so that the “cold” faces of the two 
a may be maintained at sub- 
_ stantially the same temperature. 


Insulating plates are placed in contact 
Cad Surtees with each cold surface heater, and spiral 
3 


tube water-cooled plates in contact with 
lp = insulator, in order that the entire 
Fic. 4. Schematic Wiring Diagrams of arrangement may be as nearly inde- 


Heater Windings. pendent of room temperature fluctua- 


A Wattmeter potential terminals. 
B Wattmeter current terminals. tions as possible. 


Potential 
Plug 


obt 
and 
flec 
Me 
and 


THN of 2 


Schematic Wiring Diagram of Power Measurement Carriage. 


Electrical Circuits: 


The power supply for the entire lab- 
oratory, including at present four units 
of Celite type apparatus, five units of 
“Bureau of Standards” type low-tem- 
perature apparatus, two units of Globar 
type high-temperature apparatus and 
fifteen units of pipe covering conduc- 
~ hae tivity apparatus, is 112-v., 60-cycle a.c. 
Fic, 6.—Wattmeter Current Coil Connector in “€rived from a generator with Thyratron 


“Coils in Parallel’’ Position. voltage control of the type described by 
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the author® but since modified for full- 
wave Thyratron rectification. A sepa- 
rate auto transformer for each unit of 
apparatus supplies power to the switch- 
board in 7-v. steps, and in each line 
there is a constantan wire rheostat for 
fine control of current and power. The 
electrical circuits for center and edge 
windings of the main heater, and for one 
cold-surface heater are shown in Fig. 4. 


Power-Measuring Circuit: 


In order to avoid costly duplication of 
wattmeters, and at the same time to have 
available for every line on the switch- 
board a wattmeter circuit of good accu- 
racy and wide range a measuring unit 
has been in use since 1930, and not hereto- 
fore described. Figure 5 shows the 
electrical circuit. The unit consists of 
a movable carriage on which are 
mounted three Model 310 Weston watt- 
meters and a Model 425 Weston high- 
resistance thermocouple type voltmeter. 
Wattmeter A has three full-scale ranges 
obtained by proper selection of potential 
and current coils, giving full-scale de- 
flection on either 4, 8 or 16 watts. 
Meter B has full-scale ranges of 30, 60 
and 120 watts while meter C has ranges 
of 250, 560 and 1000 watts. By proper 
selection of meter and range it is possible 
to read any wattage value between 2 
and 1000 watts at half scale or more on 
a meter with a nominal accuracy of 
one-quarter of 1 per cent of full-scale 
value. The selection of one of two po- 
tential coils in either of the three watt- 
meters is accomplished by the 6-point 
rotary switch S,;. The current circuits 
of all three meters are connected in 
parallel, but all are open circuited until 
appropriate binding posts on the faces 
of the meter are connected. Adjustable 
links are supplied by the manufacturer 


*C. E. Weinland, “The Thyratron Voltage Regulator 
for an Alternator,” Review of Scientific Instruments, Vol. 3, 


No. 1, p. 9 (1932). 
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for connecting these posts, as is known > 
by any user of this type of instrument, | 
but in the present application the opera- — 
tion has been made much more rapid by | 
the use of a special blade-type connect- 
ing device shown in Fig. 6 in the “coils 
in parallel’ position, and shown dia- 
grammatically on Fig. 5. 

Since the wattmeter is in the circuit. 
of any one heater only while the wattage 
measurement is being made, a correction 
must be applied to take account of the 
disturbance in the circuit caused by 
insertion of the wattmeter and associated 
lines. This is accomplished by reading © 
the voltage on the potential line 
before connecting in the wattmeter 
potential coil (with switch S_ of Fig. 5— 
open) and also before shunting the cur- 
rent through the wattmeter current 
circuit (with switch S; of Fig. 5 closed). 
The voltmeter has four ranges, 7.5, 30, 
75 and 150 v., and has a resistance js 
125 ohms per volt, so the power drain 
of the voltmeter is negligible. A second 
voltage reading, F2, is taken on the 
potential line with both wattmeter cur- 
rent and potential coils in circuit, and 
the wattmeter reading, W,, multiplied 


Ee . 
by Ei? is taken as the true wattmeter 


reading for the undisturbed line (assum-_ 
ing the resistance of the line and heater 
to remain constant during the reading). 
This wattage value must be further cor- 
rected, however, for the current drain 
of the wattmeter potential coil must 
necessarily come through the wattmeter 
Rp’ 
where Rpis the resistance of the particular 
potential coil in use, is subtracted from 
the indicated reading to give the true 


current coil, so a wattage equal to 


wattage. Thus the true watts Wr = 
EP 

Wr — The two corrections 
EP Rp 


tend to be in opposite directions, and 
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may cancel or be of negligible magnitude 
at large power values with small cur- 
rents, but tend to increase in importance 
at lower wattage values. 


Thermocouples: 


In contact with each face of each of 
the two specimens there are placed two 
platinum (90 per cent platinum, 10 per 
cent rhodium) thermocouples No. 28 
B. & S. gage. Sheets of asbestos paper 
on both faces are sufficiently soft that the 
thermocouples will imbed themselves in 
the paper. The ends of the couples are 
brought out through the outer shell of 
the apparatus where they are connected 
by binding posts (visible in Fig. 3) to 
copper leads leading to a plug and jack 
board (not shown) at the type k poten- 
tiometer position. The temperature of 
the couple-to-copper junction is taken 
by an ordinary mercury thermometer. 

These couples are frequently checked 
in calibration against a standard couple 
certified by the Bureau of Standards, and 
the portions of the couples in contact 
with the samples are discarded and re- 
placed by new wire when found to be 
appreciably out of calibration, if they 
cannot be returned to good condition by 
annealing. 


Preparation of Samples: 


The standard sample size is a disk 
1} in. in thickness and 8 in. in diameter, 
of which two as nearly identical as 
possible are required. Faces are kept 
plane and parallel to within +0.005 in. 
Samples made up from bricks are cut so 
that each is made of three pieces, one 
4} to 4} in. wide, constituting the central 
section, the other two being segments to 
complete the circular shape, thus keeping 
joints outside the 4-in. area of power 
measurement. 
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Conduct of Test: ’ 
In conductivity testing of this type, 
it is desirable to keep the temperature 
drop through the sample to a minimum 
for two reasons. In the first place, if 
the entire volume of the sample is main- 
tained at a temperature approximating 
that of the hot face, the effect of any 
chemical or physical changes affecting 
the conductivity will be shown more 
clearly by the results than would be the 
case if the temperature drop through the 
sample were of a magnitude of hundreds 
of degrees. In the second place, the 
use of the results in the calculation of 
the heat loss through the material when 
used in some projected design of equip- 
ment is often facilitated when the con- 
ductivity data is in the form of a “true” 
conductivity,’ that is, in the form sug- 
gested by the basic Fourier equation 
dt 
dx 
heat flow through a unit cube of the 
material under a temperature gradient 
J and the conductivity k is understood 
to be a function of temperature. 

It is believed that in practice the 
“true” conductivity function may be 
sufficiently well approximated by main- 
taining a temperature difference of the 
order of 150 F. between hot and cold 
faces of the sample. Smaller tempera- 
ture differences would unduly increase 
the relative error arising from uncer- 
tainties in temperature measurements, 
unless special means were employed to 
reduce them. 

Consequently the operation of the 
apparatus consists in applying an 
amount of power to the main heater cal- 
culated to give the temperature drop 
desired, and amounts of power to each 


where dq is the time rate of 


7C. E. Weinland, “A Graphical Method of Calculating 
Heat Loss Through Furnace Walls,” Journal, Am. Ceramic 
Soc., Vol. 19, No. 3, p. 74 (1936). 
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cold surface heater found by experience 
to give the desired cold surface tem- 
perature, plus an amount of power in 
the edge heater as required to give zero 
potential on the differential couple of the 
main heater. When temperature bal- 
ance and temperature constancy have 
been attained (generally 24 hr. or longer) 
a thermal conductivity value is calcu- 
lated and associated with the mean tem- 
perature of the sample. Five such 
points at as many values of mean tem- 
perature will generally give a good 
picture of the behavior of a commercial 


TABLE RESULTS OF TEST. 
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Accuracy of Results: 


It can be broadly stated that in the 
course of day-to-day work with four 
similar units of apparatus of this design, 
the self-consistency of the results may 
be expected to be within +5 per cent, 
both in repeat testing and in parallel 
testing in different units. The question 
of absolute accuracy, however, cannot 
be adequately discussed here. In the 
first place the practical difficulties at- 
tendant upon its determination have 
prevented extended work along this line. 


Johns-Manville Superex Blocks. 


Main heater power setting 10.0 watts. 


Lower cold surface power setting 120 watts. 


Upper cold surface 


power setting 120 watts. 


' 
Thermocouple Readings, mv. | } 
Cold 
Junc- ~| Voltmeter | Wattmeter | Wattmeter | Differ- 
tion Ue Readings Readings | Readings | ential 
Tem-| Cold | cold | ot ot | Center 
Date and Time pera- | Surface | Surface | Surface Surface | to 
deg. | | | Cold | Cold mv. 
Fahr. 1 5 6 7 | 8 Ei | Ez | W, |Edge} Sur- | Sur- 
| | | | face 1 | face 2 
81 5.105.145.13)5 16) 6.75 6.74; 6.73 6.72; 100 98 | 100 51.8) 120.2) 120.0) 0.01 > 
81 5.10 5.14.5.13,5.16| 6.75, 6.73; 6.73, 6 72 100 9.8 | 10.0 52 0) 120.0) 120.0) 0 
82 (5.095.145.125 6.77 6.74 6 6.73 109 98} 100 52.0 120.5) 1200) 0 
83 (5 085.13 5.11)5.16| 6.78 6.76 674 674 100 98 99 520 1200 1200 0 
12:38... 84 (5.85.13 5.12|5.16| 6.79| 6.76 675 674 100,98 100 52.0) 120.0) 120.0 0 
83 5. 6.79) 6.76, 6.75) 6.74 10.60 9.9 | 10 52 1) 120.3) 120.1) 0 
82 6.77| 6.75 6.74, 6.73, 1006 98) 10.0, 52.0) 120 0 1200, 0 
82 6.77, 6.73, 6.73, 1019.8 | 10.0, 52.0) 120.0; 120.0, 0 
81 6.76 6.75| 6 73 6.73 100 98 52.0 1200 1200 0 
—--——-|--— |—_|—- 
Averages. .... 82 6.77, 6.75) 6.74; 6.73) 10.0 9.8 


® Last four readings only, included in average. 


insulating material. Points should be 
taken, except in very special cases, with 
successively increasing temperatures, for 
the irreversible thermal changes in the 
sample may be relatively large. 

The maximum temperature practically 
attainable with apparatus of this design 
is 1600 F., for above this point alundum 
has been found to become sufficiently 
conductive of electricity to cause power 
losses* and to cause current leakage from 
heater circuits to thermocouples. This 
efiect has been repeatedly observed with 
a number of different main heaters. 


| 


In the second place, results with this 
type of apparatus have been compared 
with those secured in several other lab- 
oratories by competent investigators all 
using samples from the same lot of uni- 
form material, with widely divergent 
results. As a result of this comparison 
the Bureau of Standards in cooperation 
with the Subcommittee on Heat Transfer 
of the Society's Committee C-8 on 
Refractories, have undertaken a funda- 
mental study of the causes of error in 
high-temperature conductivity testing. 
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Finally k = 


Area of power measurement 
Heat loss through measured area = 0 = 3.415 X W B.t.u. per hour where W = watts 


= A = 11.848 sq. in. 


Thickness of sample =/ = 1.117 in. 
Temperature difference = — = 287 F. 
2A(72—7;)  2A(T2—71:) (12-71) 
K = 20.75 
k? 
10.0 10.1 9.6 10.6 0.3 


20.75 XK 10.3 1.117 
287 
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Observations and Calculations: 


To show a sample set of test observa- 
tions and results the data in Tables I 


where K = 


Wr 
10.3 
10.3 


= (0.830 B.t.u. in. per hr. per sq. ft. per deg. Fahr. 


II.—Conpwctivity- 
MEAN-TEMPERATURE DATA. 


and II are given, the material tested oe ‘ 
being Johns-Manville Superex. Fane. 
From these data the conductivity is. 933 
Mean data from four other test points 
on the same sample gave conductivities ; 
shown in Table II. . 
TABLE IITI.—CatcuLatep Conpvuctivity. 
EES eee ee 5 07 5.13 5.11 5 15 6.77 6 75 6.74 6.73 
Cold junction correction........ +C.16 0.16 0.16 0.16 0.16 0.16 0 16 0.16 
5 23 5 29 5.27 5 31 6 93 6.91 6.90 6.89 
Calibration correction.......... +0.02 —0.02 —0.01 —0.01 +0.03 +0 63 +0.04 +0.03 
Millivolts corrected............ 5.25 5.27 5.26 5 30 6.96 6.94 6.94 692 
1117 1120 1119 1126 1410 1408 1408 1404 
Average cold surface temperature = 1121 F. Average hot surface temperature 1408 F. 
Temperature difference = 1408 — 1121 = 287 F. 
1121 
Mean temperature = 1265 F. 


3.415 XK 144 
2 X 11.848 
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TRICALCIUM ALUMINATE AND THE MICROSTRUCTURE OF 


PORTLAND CEMENT CLINKER 
By Levi S. Brown! 


Recognition of C3A in portland cement clinker by microscopic examination 
has been found exceedingly difficult. To determine its mode of occurrence, 
that is, its relation to the structure of clinker, about 150 experimental burns 
were made ranging from pure C3A through high-alumina silicate mixes into 
the field of portland cement compositions. The charges were examined in 
thin sections, especially prepared to yield optimum clarity. 

It, is found that C3A crystallizes in large units, enclosing C;S, and CaO 
when present, but with a tendency to exclude C,AF. In this habit C3A be- 
comes a matrix or interstitial material which, because of its close similarity in 
optical properties to those of C;S, its presence usually in minor amounts, and 
general lack of crystal outlines in silicate mixes, is quite difficult to distinguish. 
Its presence is demonstrated indirectly through its control over the orien- 
tation of C,AF crystallites, which show a common mass or field birefringence 
over large, roughly equidimensional areas. The common lack of such cri- 
teria in commercial clinker indicates that crystalline C3A is not present in the 
amounts generally calculated. 


. SYNOPSIS 


Petrographers studying portland- 
cement clinker long have experienced 
great difficulty in recognizing crystalline 
C;A. The investigation reported herein 
was undertaken to study its mode of 
occurrence, using thin sections to facili- 
tate correlation of structures developed 
with relationships indicated in phase- 
equilibrium diagrams. The thin sec- 


the quaternary system CaO-C;A;- 
C.S-C,AF into clinkers of commercial 
manufacture. About 150 experimental 
burns were made, using a_ small 
platinum-wound electric muffle. 


THE BINARY SystTEM CaO-C;Az 


Specimen 1.—A finely ground mix of 
pure C,;A composition, heated 2 hr. at 


tions were mounted in Hyrax (1)? to 
minimize relief, and the specimens were 
ground in oil to eliminate hydration 
products. 

Experimental clinkers were prepared 
to trace the behavior of C;A from the 
binary system CaO-C;A; through the 
ternary system CaO-C;A;-C:S and 


on Petrographer, Lone Star Cement Corp., Hud- 


son, N. Y. 
? The boldface numbers in 
ports and papers given in the 
this paper, see p. 305, 


pagers refer to the re- 
ist of references appended to 
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1425 C., sinters into a hard tough clinker. 
The thin section reveals a dense mass 
of small C;A crystals, hexagonal to 
rectangular in outline and averaging 
10 » in diameter, set in a formless iso- 
tropic matrix of lower index. Occa- 
sional grains of free CaO are noted. 
Specimen 2.—Reheating specimen No. 
1 at 1520 C. for 30 min. caused a partial 
recrystallization of the C3;A into large 
units, from 0.5 to 2.0 mm. or more on 
a side, representing combinations of 


TY 
1 
6.73 
0.16 
5 89 
).03 
92 
1404 


the cube and octahedron. There is 
some reduction in the amount of free 
CaO. The finely and coarsely crystal- 
line products are shown in Plate I. 
Well rounded vacuoles represent par- 
tially the voids in the original powder, 
the balance being taken up as shrink- 
age in sintering. 

Specimen 3.—When the pure C;A 
mix is heated to the dissociation tem- 
perature, 1535 C., substantial amounts 
of free CaO, in the form of clear yellow- 
ish rounded grains, and liquid are 
formed. On cooling, C3A_ crystallizes 
very rapidly from the liquid in the form 


C5Az AloOs 


Fic. 1.— Portion of CaO-Al,O;-SiO. Diagram, 
Showing Compositions Described. 
(After Rankin and Wright.) 


of cubes, usually with the octahedron, 
and frequently the rhombic dodecahe- 
dron also, well developed. In this 
crystallization the grains of free CaO 
serve as crystallization nuclei, as might 
be expected from the fact that C3:A is 
a higher lime compound than the liquid. 
These relations are shown in Plate II. 
This observation is of distinct practical 
importance. It is evident that the 
grains of CaO are thus isolated from 
contact with the liquid, and the attain- 
ment of complete equilibrium crystal- 
lization would require an exceedingly 
lengthy and careful annealing, as pointed 
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out many years ago by Shepherd, 
Rankin, and Wright «). 

Specimen 4.—A charge of CaO 52.88 
per cent, Al,O; 47.12 per cent, (C3A 35 
per cent, CsA; 65 per cent) was pre 
pared for the purpose of observing the 
behavior of CsA and the C;A-C;A 
eutectic, on the C;A side of the eutecti 
ratio. The charge was heated to 1500 
C., considerably above the eutecti 
temperature, 1395 C., to secure com- 
plete fusion. From this temperature 
the charge was slowly cooled through 
a period of 55 min. to 1390 C. 

The thin section of this charge re- 
veals the excess of C;A as large pheno- 
crysts, usually with regular inclusions 
of C;As, as illustrated in Plate III. The 
phenocrysts are combinations of the 
cube and octahedron. The crystal 
structure of the enclosing eutectic (Plate 
IV) is that of blade-like spears of C;A, 
representing a succession of partly inter- 
grown cubes, and small skeletal crystals, 
set in a formless mass of lower refrac- 
tive index. 


CaO. Al202-SiO. RELATIONS 


A portion of the original ternary 
diagram (2) is shown in Fig. 1. To 
study the behavior of the lime alumin- 
ates in the presence of silica, burns were 
made of compositions represented by 
points along the lines C3A-C;S, C;A- 
C.S, at 10 per cent intervals, with quite 
a number of compositions between the 
two lines. In some cases very peculiar 
structures were observed, structures not 
clearly understood. In general, how- 
ever, the coarsely crystalline habit of 
C3;A was again in evidence, together 
with other interesting structures sub- 
stantiating the course of crystallization 
as indicated by the diagram. 

At the outset, attention should be 
directed to the two invariant points, 17 
and 16, with temperatures of 1470 C. 
and 1455 C., respectively. In any mix 
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on or to the left (the high lime side) of 
the line C;A-C,;S no stable liquid can 
be developed below a temperature of 
1470 C. Similarly, a stable liquid will 
not appear below 1455 C. in any mix 
along the line C;A-C.S or between that 
and the line C;A-C;S (not . including 
this latter line). On cooling any melt 
of composition on or to the left of the 
dotted lines 17-C3A, the 
liquid composition will pass through 
point 17. If the mix is to the left of 
but not on these lines, the liquid will 
enclose, at point 17, some free solid 
CaO-C;A begins to crystallize as point 
17 is reached. With equilibrium main- 
tained, the liquid composition will re- 
main at point 17 until all of the excess 
lime, or all of the liquid, has disappeared. 
The melt of any mix to the right of, but 
not on, the line C;A-C;S, up to and in- 
cluding the line C;A-C,S will eventually 
reach point 16, where C:S begins to 
crystallize. The liquid composition here 
is deficient in lime, and the deficiency 
must be made up by dissociation of 
previously formed C;S. The dissocia- 
tion does not necessarily indicate the 
resolution of C;S as indicated by Lea 
and Parker (4). The dissociation prod- 
ucts are CaO and CS, but the liquid 
is already saturated with C,S. Thus 
the C.S formed appears as an alteration 
border around the C;S crystals, as will 
be illustrated presently, and in some 
cases completely altered pseudomorphs 
have been observed. 

Five specimens representative of dif- 
ferent mixes and thermal treatment are 
presented, as itemized below: 

1. A mix on the C;A-C;S line above 
the point a, that is, where it is crossed 
by a line from CaO to point 17, burned 
at a temperature above 1470 C. Above 
this point, C;S will separate from the 
melt prior to 

2. A mix on the C;A-C,S line below 
point a, such that C;A separates prior 


to C;S, burned at a temperature above 
1470 C. 

3. A mix on the C;A-C2S line where 
C,:S separates prior to C;A, burned 
above 1470 C. 

4. A mix on the C;A-C.S line where 
C;A separates prior to C.S, burned 
above 1470 C. 

5. A siliceous mix moderately high in 
alumina burned at a temperature slightly 
below that of any stable liquid forma- 
tion. 

Specimen 1.—Mix: C;A, 40 per cent, 
C;S, 60 per cent. Heat treatment: 2 hr. 
at 1490 to 1500 C.; cooled slowly through 
30 min. to 1450 C. Good shrinkage, but 
very slight slump. 

OBSERVATIONS: (a) With plane polar- 
ized light: A seemingly formless matrix, 
with index corresponding for the most 
part to C;A, enclosing quantities of 
small C;S crystals, rather well formed 
and uniform in size; average 25 to 30 u 
across. Free CaO grains rather numer- 
ous, but not uniformly distributed; occur 
in segregated bunches (Plate Va). 
(b) With crossed nicols: Plate Vb shows 
the same field as Plate Va. There are 
observed irregular but roughly equidi- 
mensional areas, dark and nearly iso- 
tropic, separated by paths containing 
an abundance of brightly birefringent 
C.S flakes. The isotropic areas enclose 
the segregations of free CaO grains. On 
closer inspection the bright C2S flakes 
are found to be alteration borders on 
C;S crystals. On the other hand, C;S 
crystals are just as numerous within 
the isotropic areas as elsewhere, but they 
show no trace of alteration borders. 

INTERPRETATION: The charge was 
heated above 1470 C.; hence, in composi- 
tion the liquid formed followed up the 
C;S-CaO boundary for a short dis- 
tance. On cooling, the liquid returned 
along this boundary, arriving at point 
17 enclosing an abundance of C,S 
crystals and some free CaO grains. At 
point 17, C;A began to crystallize, with 
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the free lime grains as nuclei. The iso- 
tropic areas represent the initial crystal- 
lization of C;A; its habit of forming large 
crystals is again illustrated, now reach- 
ing out and crystallizing around the 
C;S crystals. With the CaO removed 
from contact with the liquid, the latter 
moved on in composition to point 16, 
as cooling progressed. Here C.S began 
to form in the liquid areas remaining 
between the C;A crystals, giving rise to 
the alteration on the enclosed C,S 
crystals, as previously described. Al- 
teration borders obviously could not 
forn. on the C;S crystals enclosed within 
the already solid crystalline C;A. 

Crystal boundaries of the large iso- 
tropic C;A areas are generally not 
defined for the reasons that (1) the crys- 
tals merge into one another and, lack- 
ing birefringence, there is no way to tell 
where one leaves off and the other 
begins, and (2) crystallization of C;A is 
continuous from point 17 through point 
16 to point 15. Occasionally, straight 
sharp borders of C;A can be seen against 
the lower index matrix; when so ob- 
served the corners are sharp right angles, 
indicating the cube as the only form 
developed. 

The structures described in the pre- 
ceding paragraphs are typical of all 
mixes on the C;A-C;S line above point 
a, that is, the point above which C;S 
crystallizes prior to C;A, when heated 
above 1470 C. However, when C;A is 
present in the mix in proportions of 
10 per cent or less it becomes exceed- 
ingly difficult to distinguish any trace 
of matrix material. The whole struc- 
ture is very lace-like and porous. Burn- 
ing is very difficult, shrinkage is slight, 
and the only minerals that can be dis- 
tinguished are C;S in irregularly-shaped 
flakes and large flakes of residual C.S, 
with substantial* amounts of residual 
CaO, roughly recrystallized. 

Specimen 2.—Mix: C;A, 80 per cent, 


C;S, 20 per cent. Heat treatment: 1 hr. 
at approximately 1500 C. Charge 
melted enough to slump completely. 
Annealed 40 min. from 1500 C. to 
1450 C. 

OBSERVATIONS: (a) With plane polar- 
ized light. Large cubical crystals of C;A 
(Plate Via), frequently with corners 
extended into sharp spears. Extensive 
areas of smaller square to rectan- 
gular crystals of C;A, usually represent- 
ing a succession of small cubes similar 
to the eutectic structure between C;A 
and C;A3;. The matrix of the whole 
structure is a low index formless mate- 
rial. No crystals of C;S can be seen. 
(6) With crossed nicols (Plate VI6). 
The matrix proper is isotropic. The 
large cubes of C3;A show rather wide 
bordering zones with a steel gray 
birefringence, exceedingly finely fibrous 
in character. Narrower zones border 
all of the smaller C;A crystals. The 
birefringent zones often yield good in- 
terference figures, all uniaxial and posi- 
tive. The large cubes are not perfectly 
isotropic, but show a very faint plaid 
birefringence quite similar to that of 
leucite. No C;S crystals could be ob- 
served. Within the large cubes there 
are found rounded grains of free CaO 
again serving as crystal nuclei. 

INTERPRETATION: Structures are 
rather more difficult to decipher than 
in the preceding charge. It is evident 
that at the burning temperature the 
liquid composition had gone beyond 
point 17; free CaO was present as a 
solid phase, though the C;A may not 
have been completely melted. On the 
other hand, no silicate mineral could 
have been present as a solid phase. 
With cooling, the composition of the 
liquid probably returned through points 
17 and 16. The complete absence of 
the usual easily recognizable forms of 
C;S and C.S makes the precise path a 
little difficult to follow. The tendency 
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of C;A to form large crystals is again in 
evidence. 

The lack of C;S and C,S in the usual 
crystal forms is the outstanding observa- 
tion. On the other hand, the birefrin- 
gence exhibited definitely indicates that 
some Silicate has crystallized. Since 
C;A should form continuously through 
the whole sequence of cooling and crys- 
tallization, the obvious conclusion is 
that the C;A and the silicates crystallize 
intimately intermixed, which is again 
indicated by the faint plaid birefringence 
within the large C3A cubes, but which 
silicate it is difficult to say. Optically 
positive figures indicate C,S. 

The birefringent border zones are 
similar in some respects to the altera- 
tion borders on C;S, previously de- 
scribed. If this is the case, optically 
positive figures would result, and a 
limited isomorphous crystallization (that 
is, a limited solid solution) of C3;A and 
C;S is indicated. The only obvious 
conclusion is that some factor inter- 
feres with the separate crystallization 
of C;A and the silicates, a factor not 
yet fully understood. 

Specimen 3.—Mix: C;A, 50 per cent, 
C,S, 50 per cent. Heat treatment: 1 
hr. at 1480 C.; 35 min. at approximately 
1530 C.; steadily cooled through 35 
min. to 1370 C. Thoroughly sintered 
but did not slump. 

OBSERVATION: (a) With plane polar- 
ized light: A “spotty” structure, large 
patches of C;S and C.S grains segregated 
from one another (Plate VIIa). The 
C;S is in well-formed crystals and the 
CS in rounded grains. The matrix is 
not of uniform refractive index; in the 
C;S areas the index is that of C;A; in 
the C.S areas it is distinctly lower, ap- 
proaching that of C;A;. Also in the 
CS areas there is seen a rather open 
matted structure of narrow laths inter- 
secting at right angles; these laths have 
the lowest index observed and are iso- 
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tropic. (6) With crossed hicols: The 
field appears quite similar to that of 
many commercial clinkers, showing the 
C;S areas in dark steel gray and the 
round C,S grains with considerably 
brighter birefringence. The matrix is 
everywhere isotropic. The most no- 
table observation is that of the distinct 
alteration borders of C2S on the C;S 
grains (Plate VIIb). 

INTERPRETATION: Stable liquid 
should form in this mix at 1455 C. At 
the maximum burning temperature the 
liquid composition was above point 16, 
on the boundary between C;S and C,S, 
which were the stable solid phases rep- 
resented in the segregated areas ob- 
served. With cooling, C3;A could not 
form until the liquid composition 
reached point 16. This is an invariant 
point, and C;A could not crystallize 
without addition of lime, which comes 
from alteration of C;S. Since no C3;A 
could form prior to point 16, none of 
the C;S was isolated and it all shows 
alteration borders. 

It is through this necessity for extra 
lime that C;A crystallized only in the 
C;S areas. The continuous character of 
the C;A through these areas again evi- 
dences the tendency of C;A to crystal- 
lize in large units; rarely can any crystal 
outlines be seen. In the CS areas there 
is nothing to supply the lime deficiency ; 
hence, the liquid composition moved 
down the quadruple line toward point 
15. The right-angled lattice structure 
in the C,S areas is made up of laths of 
C;A;, which indicates a beginning crys- 
tallization at point 15. The matrix in 
the C.S areas is distinctly higher in in- 
dex than these laths, but considerably 
too low for C3A; hence, it is concluded 
that the matrix here is principally glass, 
with intermediate composition and re- 
fractive index. 

Specimen 4.—Mix: C3A, 70 per cent, 

C.S, 30 percent. Heat treatment: 1 hr. 
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at 1480 C.; 35 min. at approximately 
1530 C.; steady cooling through 35 min. 
to 1370 C. Charge melted to complete 
slump. 

OBSERVATIONS: (a) With plane polar- 
ized light (Plate VIIIa): Large square 
; crystals of C;A are seen, enclosing grains 
of free CaO and crystals of C;S. The 
-C;A squares usually show. small. clear 
areas in the center, but the princi- 
pal part of the crystal shows a distinct 
fibrous structure, dividing the crystal 
into quadrants, with the fibers oriented 
perpendicular to the sides of the square. 
The fibers or stringers are observed to 
have a refractive index slightly higher 
than the C;A. Plenty of clear mate- 
rial occurs as a matrix between the 
- squares; its refractive index is consider- 
ably lower than the C;A. (6) With 
crossed nicols (Plate VIIIb): The 
fibrous areas exhibit a bright mass bi- 
refringence; interference figures are not 
_ difficult to obtain, especially in areas 

_ where the section happened to cut the 
fibers at right angles, where they then 
appear as dots; the figures are uniaxial 
and positive. .Within the fibrous areas 
and in the matrix, the C;S crystals are 
seen to be more or less completely 
altered to C,S, yielding quite perfect 
pseudomorphs; within the clear central 
portions of the squares, however, the 
_C,S crystals show the usual low gray 
interference color, with no trace of al- 
_teration borders. The matrix is essen- 
tially isotropic, though it shows a very 
faint plaid birefringence. Within the 
matrix occasional bluntly radiate grains 

of C:S can be seen. 
INTERPRETATION: This mix is located 
on the high lime side of the line 17— 
C;S; hence, heating above 1470 C. will 
result in the liberation of some free 
_ CaO as a solid phase. At higher tem- 
peratures the diquid composition will 
move up the CaO-C;S boundary, but 
evidently the temperature attained did 
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not melt all of the CaO or C;S. On 
cooling, the liquid composition returned 
to point 17, where C;A began to crystal- 
lize; as usual, the CaO grains served as 
nuclei, and the C;A crystallized around 


the C;S grains as well. This initial 
C;A crystallization shows as the clear 
central areas, and both the C;S and CaO 
enclosed were isolated from further reac- 
tion. With further cooling, the liquid 
composition moved to point 16, where 
C.S should appear as a solid phase, and 
C;S must decompose as C2S and C;A are 
formed. 

Again there is observed a difficulty in 
the separate crystallization of C;A and 
C.S; the cubes of C;A continue to grow, 
but CS crystallizes intimately with it, 
yielding the fibrous birefringent areas 
observed, and in these the C;S crystals 
show heavy alteration borders. Similar 
fibrous birefringent structures are oc- 
casionally seen in commercial clinker, 
with compositions low in lime and high 
in alumina. 

Specimen 5.—Mix: C;A, 70 per cent, 
C;S, 30 per cent. Heat treatment: 1 hr. 
and 20 min. at 1450 C. Withdrawn 
from furnace at that temperature. 
Good shrinkage obtained but no evi- 
dence of fusion or slump. Well sintered. 

OBSERVATIONS: (a) With plane polar- 
ized light (Plate [Xa). A continuous 
formless mass of clear C;A. Combina- 
tion of lime is nearly complete; there 
remains only a peppering of minute 
rounded grains. There is a_ similar 
peppering of minute irregular flakes of 
CsA3. The few dark angular objects 
are vacuoles representing part of the 
original intergranular space of the 
charge; angular outlines indicate lack 
of fusion. C;S cannot be discerned; a 
few irregular small patches of slightly 
higher index (corresponding to C25) can 
be discerned with difficulty. (6) With 
crossed nicols (Plate An iso- 
tropic groundmass literally filled with 
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(b) Crossed nicols (X about 240). 


Cooled from above 1470 C. 


CsA, 
Structure of eutectic (< 300). 
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irregular shreds and flakes of C.S and 
C;S. No crystal outlines visible for 
either. 

INTERPRETATION: There is little to 
be said in the matter of interpretation. 
Most noteworthy is the nearly complete 
combination effected, though in the 
structure developed it is almost impos- 
sible to visualize the relationships pic- 
tured in the phase equilibrium diagram. 
Probably the tendency of C;A to form 
over large units is again the observed 
fact; the groundmass is continuous and 
no traces of single crystals can be per- 
ceived. 


Fic. 2.— Diagram of System CaO-C;A3-C,S-C,AF 


(After Lea and Desch.) 


_ ADDITIONAL COMMENT: In this mix a 
stable or equilibrium liquid cannot de- 
velop below a temperature of 1470 C. 
This does not mean that the mineral 
transformations, as observed in this 
section of a charge burned below 1470 C., 
were those of “solid reaction.” Prob- 
ably some liquid was formed at the 
lower burning temperatures, of com- 
position represented by point 15, or even 
point 16. It must be pointed out that 
such liquids are not equilibrium liquids; 
they must be very transitory, both in 
amount and duration of their existence. 
Despite their doubly transitory nature, 
they probably are effective in promot- 
ing combination, and the true limits 
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between solid and liquid reaction cannot 
be defined. It is also probable that 


reaction through this transitory liquid 
is an important factor in sintering. 


C3;A IN THE QUATERNARY SYSTEM, 
CaO-C;A3-CoS-C,A F 

Figure 2 presents a diagram of the 
quaternary system as illustrated by 
Lea and Desch (6), with the C;S primary 
phase volume shaded to facilitate visuali- 
zation of spatial relations. Points 7, 
and J, correspond to points 17 and 16 
of the ternary diagram just considered, 
seen as the base of the tetrahedron. 
Portland-cement compositions occur 
within or on the high-lime side of the 
C;S volume in a zone about three- 
fourths of the distance from T; to CS. 
Point 72 is very close to the plane, 
C3;A-C.S-C,;AF, and apparently just 
on the high-lime side of that plane, 
since the composition of 72, as given by 
Lea and Parker @,6), calculates to 1.6 
per cent C;S. Thus 7» is a eutectic, 
representing the termination of crystal- 
lization for any portland cement com- 
position of the pure oxides lying on the 
low-lime side of the plane C;A-C;S- 
C,AF. For any mix in or on the high- 
lime side of this plane, 7; is the final 
crystallization point. Minimum tem- 
peratures of stable liquid formation are 
1338 C. and 1341 C. at 7» and 7,, re- 
spectively. 

The alumina - ferric oxide ratio of 7; 
is 1.38 (72 is essentially the same). 
On cooling the melt of a mix higher in 
ferric oxide, CsAF will appear prior to 
C;A, while from a mix higher in alumina 
the reverse is the case. If the mix is 
sufficiently high in lime, the course of 
the liquid composition, on cooling, will 
be in part along the quintuple lines 
17-7,, or x-7,, with 7, in each case 
the direction of falling temperature. 
With alumina in excess of the ratio 
1.38, the point where C;A begins to 
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crystallize will be somewhere between 17 
and 7;. Such a mix may be chosen for 
illustration, since the chief interest in 
this paper concerns the behavior of 
C;A: 


OXIDES, PER POTENTIAL CoM- ALUMINA - 
CENT POUND Com- FERRIC 
POSITION, OXIDE 
PER CENT Ratio 
CaO ..62.79 C,S 45.58 
Al,O;..14.82 CS 2.29 1.55 
. 9 59 C3A 23.00 
SiO, ..12.80 CyAF. .29.13 


Heat Treatment: 40 min. at 1240 C.; 
1 hr. at 1420 C.; steadily cooled through 
20 min. to 1330 C. 

OBSERVATIONS: (a) With plane polar- 
ized light (Plate Xa): Large clear sharp 
cubes of C3;A, without octahedron, fre- 
quently enclosing rounded grains of 
free CaO. C,AF, crystallized in a 
shredded or fern-like structure, outlines 
the cubes and encloses well-formed 
C;S crystals. (6) With crossed nicols 
(Plate Xb): The isotropic C3A cubes 
are seen to contain numerous C;S 
crystals. A few small flakes of C.S can 
be discerned. ‘The C,AF shreds display 
mass birefringence around the cubes of 
C;A, extinguishing when the sides of 
the cubes (edges of the squares in the 
section) are parallel to the vibration 
directions of the nicols. C;S crystals do 
not show alteration borders, either 
within or without the C3;A cubes. 

INTERPRETATION: This mix contains a 
slight excess of CaO for the composition 
along the quintuple line at the point 
where the alumina - ferric oxide ratio is 
1.55. The temperature of burning was 
such that all of the excess alumina was 
in the liquid, as will be shown presently, 
so that the liquid composition at that 
temperature was on the C;S-CaO sur- 
face, and these two compounds were 
present as solid phases. With cooling, 
the liquid composition promptly reached 
the quintuple line, where C;A began to 
crystallize, forming in large units en- 
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closing both CaO and C;S. The liquid 
composition then passed along the 
quintuple line, as C;A continued to 
crystallize, eventually arriving at the 
invariant point 7, where C,AF appeared 
with C;A, forming the matted inter- 
growth observed. 7» shortly was 
reached, and a small amount of C.S 
was formed, but apparently complete 
equilibrium crystallization was not at- 
tained, since the presence of free lime 
should markedly increase the amount 
of C.S over that calculated (2.29 per 
cent) from the entire mix. 

ADDITIONAL COMMENTS: 1. Presence 
of ferric oxide in an aluminous mix 
slightly raises the refractive index of 
C;A. In the ternary system, lime- 
alumina-silica, the index of C;A is al- 
ways slightly lower than the resin 
(1.7135); as ferric oxide is added to the 
ternary mix, the index gradually in- 
creases; in the present mix (alumina - 
ferric oxide ratio, 1.55) the index is 
higher than the resin, and so nearly that 
of C;S that crystals of C;S in the C;A 
cubes cannot be distinguished with 
ordinary illumination; they are seen 
only with crossed nicols. The indices 
observed agree with those given by Lea 
and Parker @). 

2. To show that the cubes of C3A ob- 
served were produced by slow cooling, 
the same mix was heated to 1400 C. and 
quenched in air by removal of the charge 
from the furnace and placing it on a 
cold stone surface. The cubes are en- 
tirely lacking (Plate XI (a)). A small 
amount of glass was observed on the 
bottom, but for the most part the liquid 
has partially differentiated. Most in- 
teresting are the patches of right-angled 
lattice structure developed in the quickly 
cooled liquid. The same field is shown 
with crossed nicols in Plates XIb and 
XIc. There are large patches within 
which the crystallites of C,AF are com- 
monly oriented, resulting in a mass 
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birefringence. It is noteworthy that 
these areas are coextensive with the 
areas of lattice structure, as illustrated, 
and that they extinguish with the lat- 
tice parallel to the nicol vibration direc- 
tions. Plates XIb and XIe differ from 
each other in a 45-deg. rotation of the 
nicols, to illustrate more clearly the 
mass extinction and areal boundaries. 

The common orientation of the CsAF 
crystallites indicates the ease and rapid- 
ity with which C;A tends to crystallize; 
in this case there was not time enough 
to permit segregation of compounds, but 
the C;A rapidly reached out over wide 
areas in the form of skeletal crystals, 
governing the orientation of the C,AF 
crystallites. Evidence supporting this 
conclusion is that (a) C;A should crys- 
tallize from this mix prior to C,AF; (bd) 
the right-angled lattice structure indi- 
cates isometric crystallization; (c) the 
crystal habit of C,AF is acicular or 
bladed (monoclinic); (d) the birefrin- 
gent patches are usually equidimensional 
and occasionally quite perfect squares, 
as illustrated; (e) observed influence, 
previously mentioned, slow-cooled 
specimens of the C;A cube directions on 
extinction of contiguous C,AF. 

3. To determine compositions from 
which similar C;A cubes could be pro- 
duced, two series of mixes were studied, 
one with C;S constant at 50 per cent 
and one at 75 per cent, the remaining 
50 or 25 per cent being alumina and 
ferric oxide in varying ratios. Slow 
cooling produced cubes of C3;A in every 
case where the alumina- ferric oxide ratio 
was 1.55 or higher, an observation that 
indicates slight if any solid solution of 
C;A in C;S. No charges were prepared 
with alumina-ferric oxide ratio between 
1.55 and 0.96, but the results obtained 
conform to the relations indicated in 
the quaternary diagram. In general, 
there is a better cube development in 
high-lime mixes. On the other hand, 
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it should be pointed out that free lime 
is not essential to their formation; lower 
limed mixes develop cubes almost as 
easily. Sections showing free lime have 
been chosen for illustration only to ex- 
tend further the visible portion of the 
course of crystallization. 


COMMERCIAL CLINKER 


In the foregoing study of experimental 
charges, the intention has been to trace 
C;A from high-alumina mixes into the 
range of commercial portland cement 
compositions, with especial reference to 
the structural relationships developed. 
It has been observed in the experimental 
mixes that C;A crystallizes easily and 
rapidly, that it tends to form in large 
units, and that it tends to control the 
orientation of C,AF when the latter 
follows C;A in the course of crystalliza- 
tion, that is, mixes with alumina - ferric 
oxide ratios greater than 1.38. Thus the 
structural evidences of crystalline C;A 
to be sought in commercial clinker are 
principally two: (1) large clear cubes of 
C;A enclosing C;S and possibly CaO, 
and (2) extended areas in which C,AF 
crystallites possess a common orienta- 
tion, exhibited as mass birefringence, or 
both. 

In the experience of this laboratory, 
no commercial clinker has shown the 
cubes of C;A. On the other hand, more 
or less extended areas of C,AF mass 
birefringence are fairly commonly ob- 
served. For example, a section of com- 
mercial clinker C (below) is shown in 
Plates XIIa, XIIb, and XIlIc. In 
XIla the crystals of C,S are sharply 
outlined against a partially  differ- 
entiated glassy matrix; there is no 
hint of continuity or common orienta- 
tion of the C,AF crystallites in the 
matrix. With crossed nicols the C,AF 
crystallites over the entire field light 
up and extinguish simultaneously. Plate 
XIIb shows them at a maximum and 
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XIIc at extinction (rotation of the 
nicols through 45 deg.). The striking 
nature of the effect is difficult to capture 
photographically, in the absence of the 
brilliant yellow color. 

By moving the slide it is found that 
these large areas of common birefrin- 
gence are roughly equidimensional; they 
illustrate again the coarse crystalliza- 
tion of C3A, although no crystal outlines 
can be seen. 

To determine whether clear cubes 
could be formed in commercial clinker, 
several experiments were performed using 
clinkers of commercial manufacture. 
The clinker analyses of the materials 
chosen are shown in Table I. 


TABLE I. 


CLINKER CLINKER 
A B 

7.02 4.25 
2.78 3.69 
Loss on ignition, percent......... . 0 04 0.20 

1.97 
FreeCaO, per 2.10 0.48 
Alumina - ferric oxide............ : 2.52 1.15 


The clinkers were ground to pass a 
No. 100 sieve; small charges (about 3 g.) 
were burned, and structures were ob- 
served, as indicated below. 

Clinkers A, B, and C.—Heat treat- 
ment: 15 min. at 1500 C.; steadily 
cooled through 2} hr. to 1340 C. Well 
sintered but no evidence of slumping. 

OBSERVATIONS: Well-formed, euhe- 
dral crystals of C;S set in an abundant 
formless matrix. Clinkers A and C 
showed a little free CaO but no C.S; 
clinker B showed a few grains of CS, 
not gamma form, but no CaO. The 
matrix in each case was isotropic, with 
practically no trace of differentiation — 
a more or less dark-colored glass. No 
cubes of C3;A or mass birefringence was 
exhibited. (CsAF should precede C3A 
in clinker B, but crystalline C,AF was 
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absent). Clinker C is shown with plane 
light and with crossed nicols in Plates 
XIIIa and XIII 3, respectively. 

Clinkers A and B.—Heat treatment: 
10 min. at 1520 C.; cooled steadily 
through 25 hr. to 1250 C. No slump, 
but well sintered. 

OBSERVATIONS: Euhedral crystals of 
C;S, as before, except that discolored 
glassy matrix is absent. Some free CaO 
in clinker A; some C.S in clinker B, not 
dusted. No cubes of CsA have de- 
veloped, although potentially about 13 
per cent of C;A should be present. 
Plate X1Va shows clinker A in ordi- 
nary light. The striking mass birefring- 
ence of the C,AF crystallites is shown 


CLINKER ANALYSES 


CLINKER CLINKER CLINKER CLINKER CLINKER 
Cc D E F 
19.92 22.80 22.00 21.29 22.56 
6 70 6 6.08 6.48 
3.67 2 90 3.00 3.35 2.60 
67.67 66 00 67.64 67.35 66.57 
0 90 0 80 0 90 1.40 1.29 
0.35 0 44 0.10 0.10 0.02 
0.25 0.17 0.15 0 02 0.37 
99.93 99 81 99.87 99.59 99 89 
1 $4 2.37 2.42 2.26 2.48 
1.40 0 36 0 52 0 30 0.24 
1 95 2.31 2.02 1.81 2.49 


with crossed nicols, covering the entire 
field. In Plate XIVb they are at 
extinction, and in XIVc at a maxi- 
mum. 

Clinkers A and B.—Heat treatment: 
15 min. at 1500 C.; steadily cooled 
through 1} hr. to 1180 C. 

OBSERVATIONS: Both clinkers essen- 
tially the same as in the preceding. No 
dusting of C.S. 

Clinkers C and D.—Heat treatment: 
15 min. at 1500 C.; steadily cooled 
through 55 min. at 1270 C. Well sin- 
tered but no slump. 

OpsERVATIONS: Clinker C contained 
free CaO, clinker D a little C.S, not 
dusted. No cubes of C;A in either, but 
both showed excellent mass _ birefring- 


ence of C,AF. Traces of glass remain 


in clinker C. 
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Cooled slowly from 1520 to 1250 C. 


yut 240). 
Commercial Clinker High in Potential CsA. 


C4AF at extinctio 
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Bladed Structure in Clinker High in Potential C3A. 


PLATE XV. 
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Bladed Structure in Clinker High in Potential CsA. 
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Clinker D, two samples.—Heat treat- 
ment: 15 min. at 1500 C.; steadily 
cooled through 3 hr. to 1420 C., when 
one specimen was removed (a); cooling 
continued through 1 hr. to 1310 C. for 
other specimen (0). 

OBSERVATIONS: (a) showed clear crys- 
tals of C;S and C.S (not dusted) sepa- 
rated by thin stringers of greenish glass, 
the latter exhibiting a mere beginning of 
differentiation. In specimen (6) the 
C.S has increased in amount, still not 
dusted, but it is clouded with sharp ir- 
regular inclusions; these could not be 
identified, but they apparently are dis- 
colored by some iron compound. Clear 
C,:AF occurs in segregated patches, 
showing continuous _ birefringence. 
Square outlines of C3;A cubes are not 
observed, but clear colorless areas are 
made up of several C;S crystals, vari- 
ously oriented but apparently crowded 
together, with interstitial material rarely 
evident. No traces of glass apparent. 

Clinkers E and F.—Heat treatment: 
10 min. at 1500 C.; steadily cooled 
through 1 hr. to 1280 C. 

OBSERVATIONS: Apparently com- 
pletely crystallized. No cubes of C;A 
observed, but CsAF shows continuous 
birefringence over large areas. C,AF 
more abundant in clinker F, with higher 
ferric oxide content. 

Clinker G.—This clinker was not 
crushed. The clinker was broken in 
half; one half was sectioned in the orig- 
inal condition, the other half heated as 
a single piece. Heat treatment: 10 
min. at 1500 C.; steadily cooled through 
45 min. to 1280 C. 

OBSERVATIONS: The heated portion 
apparently was completely crystallized; 
no cubes of C;A formed, but CsAF shows 
well-developed mass birefringence. The 
latter was somewhat more definite in 
the heated half than in the original; 
otherwise, little difference was noted. 

A peculiar structure commonly ob- 
Served in commercial clinker should be 
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described, a structure that is restricted 
to clinkers of rather high alumina-ferric 
oxide ratio and moderately high in lime. 
The structure reveals groupings of nar- 
row clear laths separated by ragged 
stringers of C,Al, the latter displaying 
mass birefringence over each group. 
The clear laths have the birefringence 
of C;S, which, however, is discontinuous, 
so that the structure disappears with 
crossed nicols except for the mass bi- 
refringence of the C,AF. 

In laboratory burns a series of charges 
differed in alumina - ferric oxide ratios 
but with C;S constant at 75 per cent. 
In the highest alumina - ferric oxide 
ratios the cubes of C3;A were well de- 
fined, but with intermediate alumina - 
ferric oxide ratios the same groupings of 
parallel laths appeared. The known 
composition and heat treatment, coupled 
with the observations previously re- 
corded as to the behavior of C3A, lead 


to a possible explanation. Take the 

following mix, for example: 
68.08 
8.90 
SiOz, per cent. 19.73 
Alumina - ferric oxide ratio...... 2.70 


Heat treatment: 40 min. at 1450 C.; 
steadily cooled through 20 min. to 1400 
C. Well sintered but no slump. 

OBSERVATIONS: This burn is_ illus- 
trated with plane polarized light in 
Plate XVa; with crossed nicols in 
Plate XVb. The observations are 
those given in the description immedi- 
ately above. 

INTERPRETATION: Crystallization of 
C;S from a rapidly cooled melt produces 
long narrow blades, as is well known. 
In this instance a mix high in po- 
tential C;S and C;A was rapidly cooled 
from a temperature of 1400 C. At 
this temperature, the liquid compo- 
sition of the mix is within the C;S 
volume or on the surface between C,S 
and CaO, probably not far from the 


; 
. 


C;A surface. Thus there is a rapid and 
simultaneous crystallization of C;S and 
C;A as the first phases to separate. 
The C;S tends to confer a directional 
character to the crystallization of C;A, 
although the actual crystallization of 
C;S takes place about the borders of 
previously existing C;S grains variously 
oriented. The clear blades thus are 
essentially crystals of C;A, controlling 
_ the orientation of the shortly subsequent 
_C,AF crystallites in between. The rela- 
tive concentration of C,;S as compared 
with C;A tends to crowd the C;S grains 
- together, so that no part of the blades 
is perfectly isotropic, although the bi- 
refringence of the C;S is discontinous. 
The influence of rapid crystallization in 
this case is shown by the fact that the 
parallel lath groupings described were 
found toward the base of the charge, 
the zone more rapidly chilled, whereas 
higher up in the charge a square develop- 
ment was observed, with somewhat 
better crystallization of C,AF. 

SIGNIFICANCE: In the absence of an 
understanding of the crystal habit of 
C;A, it is difficult to correlate this struc- 
ture with the phase equilibrium diagram, 
and the conclusion might be drawn that 
a new phase had appeared. The ex- 
planation offered shows no departure 
from equilibrium phases diagrammed. 
More importantly, the structure evi- 
dently develops through rapid cooling 
from moderately high temperatures, 
thus indicating only partial differentia- 
tion of the liquid phase. 


CONCLUSIONS 

1. The tendency of C;A to crystallize 
rapidly in large units, enclosing crystals 
of C;S, and crystallizing with especial 
ease around grains of free CaO, confers 
upon crystalline C;A an apparent form- 
lessness, so that in a completely crys- 
talline clinker the crystalline C;A be- 
comes the real “interstitial” material. 
In commercial clinker the ratio of po- 
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tential C;S to potential C;A is high; 
thus the C;S crystals are crowded 
closely together, and the sparse inter- 
stitial envelope of crystalline C;A is 
exceedingly difficult to distinguish. The 
difficulty is enhanced by the isotropism 
of C;A, its clear and colorless character, 
and the close approach in refractive in- 
dices between C;S and C,A in ferriferous 
charges. Two other possible factors 
adding to the difficulty should be men- 
tioned: (a) It has been shown that C3A 
separates with difficulty from the sili- 
cates, under certain conditions, and the 
resulting C;A exhibits a_ birefringence 
similar to C;S. (6) If solid solution of 
C;A in C;S is possible to an appreciable 
extent, the volume of the interstitial 
envelope will be further decreased. 
Limits to this possibility have not been 
precisely established in this work, but 
it has been shown that the possible ex- 
tent is not large. 

2. Indirectly, the presence of crystal- 
line C3A ina clinker with alumina - ferric 
oxide ratio above 1.38 is demonstrated 
by the existence of any crystalline C,AF, 
and especially plainly indicated where 
C,AF shows continuous birefringence 
over large areas. The latter of course 
cannot be easily perceived in powder 
mounts (cements), and it is not well evi- 
dent in sections, unless unusually thin. 

3. In experimental mixes of the pure 
oxides, the structures developed can be 
correlated easily with the quaternary 
phase equilibrium diagram mapped by 
Lea and Parker 6). Difficulties appear 
only in underburned charges or those 
quickly cooled but not quenched. The 
lack of alteration borders of C.S on C35 
crystals in the quaternary system con- 
firms Lea and Parker (4,6) in their loca- 
tion of point 72 on the high-lime side 
of the plane, C;A-C.S-C,AF, thus 
making 7» a eutectic. 

4. Observations on the behavior of 
commercial clinker indicate some de- 
parture from the strict conditions out- 


{ 
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lined by the quaternary diagram, though 
the general course of the reactions is 
the same. Thus, in clinkers A, B and 
C described above neither C,AF nor 
C;A had formed from the liquid on cool- 
ing to 1340 C.; the only solid phases were 
C,S and C.S, or and CaO.  Ulti- 
mate crystallization apparently occurs in 
the vicinity of 1280 to 1300 C., agreeing 
with the observations of Hansen (7). 
This, however, does not seem to be 
related to the quaternary eutectic at 
point R, where the temperature is 1280 
C., since no quaternary experimental 
clinker examined has shown C;Ag; rarely 
can it be detected in commercial clinker, 
and then, in the experience of this labo- 
ratory, it has appeared only in traces in 
(questionably) the peculiar pleochroic 
unstable form. Rather, the disparity 
seems to reflect a disturbance of the 
phase relations indicated in the pure 
oxide quaternary diagram, probably 
through the universal presence of ex- 
traneous or accessory constituents such 
as magnesia, SOs, alkalies, etc. 

5. Finally, through the criteria de- 
veloped in a study of experimental pure 
oxide mixes it becomes evident that 
most commercial clinkers contain lesser 
amounts of C;A and C,AF than are 
shown by calculation from chemical 
composition. Some clinkers, showing 
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excellent development of C,AF mass 
birefringence, attain nearly complete 
equilibrium crystallization; as a general 
rule, this structure is poorly developed, 
and in many cases there is a nearly com- 
plete absence of evidence of differentia- 
tion in the liquid phase. With no dif- 
ferentiation whatever, glass becomes the 
interstitial or matrix material in the 
clinker; with complete ‘equilibrium dif- 
ferentiation, crystalline C;A is the in- 
terstitial material; with partial differ- 
entiation, the case in most commercial 
clinker, C;A and glass occur intersti- 
tially. The real problem of C;A visi- 
bility thus becomes one of distinction 
between C;A and glass. The work of 
this laboratory has provided some in- 
teresting information concerning the 
character of the glass phase; these ob- 
servations, supplemented by further in- 
vestigation, will appear in a later report. 
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SOME TESTS TO SHOW THE EFFECT OF FREEZING ON THE PER- 
MEABILITY, STRENGTH, AND ELASTICITY OF CONCRETES 


AND MORTARS 
By Herpert H. Scorietp! 
SYNOPSIS 


Some 1500 test specimens have been made and tested under laboratory 
conditions to show the effect of immediate freezing on some of the properties 
of concretes and mortars. 

Six different types of cements were used in concretes or mortars with sand 
and gravel as aggregates. 

Specimens to be frozen immediately were subjected, as soon as molded, to a 
freezing temperature of about 10 F. Freezing periods of 1 and7 days were used. 

Some specimens were subjected to a delayed freezing cycle in which the 
concrete was allowed to harden for various periods before freezing. The | 
freezing period for all of these was 2 days at about 5 F. 

The average loss in strength for concretes immediately frozen ran from about 
40 to 60 per cent of the normal unfrozen strength at the same age. ‘There was 
no systematic difference between the 1- and the 7-day freezing period, nor 
between rich and lean concretes. Dry concretes and those tested at 1 and 4 yr. _ 


4 


seemed to show less proportionate percentage loss. 

The permeability tests showed a large increase in leakage for the frozen 
specimens especially for those frozen 7 days. This was however propor- 
tionately much less for 1-yr. tests than for 7-day tests. 

If the specimen was cured 24 to 47 hr. in warm dry air before freezing, 
practically no injury was done to the concrete. Cooler moist air precuring 
necessitated somewhat longer precuring before freezing in order not to injure 
the specimens. 

Two-inch mortar cubes with or without hydrated lime addition suffered 
_ less percentage loss due to immediate freezing than did the concretes. Dry 
mortars were less injured than wet mortars. 


The tests here reported were under- started, Russian engineers reported the 
taken to throw some light on the ques- then prevailing practice of freezing con- 
tion as to the amount of injury mortars crete solid in the forms in the cold 

or concretes sustain when frozen before months followed by removal of the 

or during the setting period. An actual forms after the concrete had thawed and 
_ case of frozen mortar on a stone masonry hardened in the spring. They reported 
job furnishes the reason for the in- no injury to the concrete. 


vestigation. | 
At about the time these tests were MATERIALS 


pe The materials used in these tests were 
1 Professor of Materials, School of Civil Engineering, Cor- bought on the local market The aggre- 


nell University, Ithaca, N. Y 
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gates were the usual central New York 
glacial drift gravels and sand. The 
sand was a washed sand showing not 
more than 2 per cent by weight silt 
content. The unit weights and sieve 
analyses of the aggregates are shown in 
Table I. 

The cements used were as follows: 
cement No. 1 was an ordinary portland 
cement; No. 2, a high-early-strength 
portland cement; No. 3, a water-proofed 


Concrete strength tests were made on 
standard 6 by 12-in. cylinders. De- 
formations were determined on a 10-in. 
gage length with a dial compressometer 
reading directly to 0.0005 in. 

Permeability specimens 4 in. in thick- 
ness and 12 in. in diameter were molded 
from the corresponding strength-test 
batches and subjected to the same treat- 
ment. Permeability was measured by 
an apparatus which subjected a 6-in. 


TABLE I.—CHARACTERISTICS OF AGGREGATES USED. 


Aggregates measured room-dry loose. 


The fine and coarse aggregates were combined in such proportions as to give approximately straight-line variation of 


sizes. 
Aggregate lb. per | Pass-| Pass-| Pass-| Pass 
: cu. ft. | inga | inga | inga| inga 
1}-in. | 14-in.| 1-in. | 
Sieve | Sieve | Sieve | Sieve 
88.0 | 88.7 | 53.2 | 13 5 | 
ESS 92.7 97.5 | 65.6 
102.5 


-| Pass-| Pass- Pass- | Pass- | +‘ 
ing a 


Sieve | Sieve | Sieve | Sieve 


Per cent by Weight 


| 


ing a | inga | inga 
| | No.4) No.8) | He | Me | Be 


Sieve | Sieve 


40.4 | 9.65 


100.0) 89.4 | 70.4 | 50.8 | 12.3 | 2.6 


TABLE II.—CHARACTERISTICS OF CEMENTS USED. 
Results from tests of concretes using cements Nos. 2a and 2b were averaged together and designated as cement 


No. 1 


CEMENT No, 24 


Cement No. 2b CementNo.3 Cement No. 4 


Normal consistency... . 24 28 27 26.0 23.0 
SRR O.K. O.K. O.K. O.K. O.K. 
Initial set (Gilmore).... 2 hr.45 min. 3hr. 20min. 3hr. 25min. 3hr. 30min. 3 hr. 40 min. 
Final set (Gilmore)... .. 7hr. 30min. 6hr. Omin. O9hr. Omin. Shr. Omin. 7 hr. 30 min. 
Retained on No. 200 
sieve, per cent....... 10.5 2.0 4.0 11.1 7.0 
1 to 3standard briquets 
400 432 255 410 


portland cement; No. 4, a high-alumina 
cement; Nos. 5 and 6 were masonry 
cements. 

The hydrated lime used in some of 
the mortar tests was an ordinary brand 
used in masonry. The characteristics 
of the cements are shown in Table II. 


Test METHODS 


The concrete in these tests was ma- 
chine mixed. The mortars were hand 
and trowel mixed in pans. 


447 365 412 
circular space of the original bottom of 
the specimen to water under 25 lb. per 
sq. in. pressure. The amount of water 
entering or passing through the speci- 
men was determined. 

Mortar strengths were determined on 
2-in. cubes tested on sides without 
capping. 

Freezing procedure is best shown by 
the temperature diagrams, Fig. 1. The 
test ages given are ages exclusive of 
freezing period. 


No. 2. 
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The test data are shown in Tables III 
to VIII inclusive and average results 
illustrated in Figs. 1 to 3. The results 
given are the average of at least three 
batches made on different days. Test 
specimens were distributed over time 
intervals in such a way as to give best 


_ dispersion of results. 


DISCUSSION OF DATA 


For the concretes and mortars used 
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60 | 
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Fic. 1.—Temperature Diagrams. 
Freezing tests of mortars and concretes. 


and under the conditions prevailing in 
these tests, the following seems to be 
indicated by the results obtained: 


Effect of Immediate lreezing: 


1. Concrete frozen immediately after 
placing attains on the average about 50 
per cent of the strength of the normal 
unfrozen concrete at the same age. 
There is little. difference in this respect 
between a 1-day and a 7-day freezing 
period. 

2. There is some indication that older 
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concretes have less proportionate loss of 
strength due to immediate freezing than 
those tested at earlier periods. 

3. There is some indication that dry 
concretes suffer less injury than wet 
concretes, especially at early ages. 

4. There is little difference between a 
rich mix and a lean mix in their resist- 
ance to immediate freezing. 

5. The high-alumina cement was the 
only cement to show indications of 
setting and hardening during the freez- 
ing period. 

6. The rate of leakage of water in the 
permeability tests may be taken as a 
measure of the relative porosity of 
the concretes. Concretes which had 
little porosity unfrozen showed relatively 
great porosity after being frozen before 
hardening. 

7. There seems to be a great deal 
more leakage for concretes frozen for 
7 days than for 1 day. 

8. The leakage for frozen specimens 
tested at 1 yr. was much less than when 


tested at 7 days. 
Effect of Delayed Freezing: 

1. The results seem to indicate that 
dry concretes (2-in. slump) may be 
frozen solid without practical injury if 
cured for 24 to 48 hr. in room-dry con- 
ditions before freezing. 

2. Wet concretes (9-in. slump) require 
considerably longer time of precuring 
before freezing in order to be uninjured 
by freezing. 

3. Moist-cured specimens require a 
longer period of precuring than dry- 
cured specimens before freezing in order 


that the concrete shall be uninjured by 
freezing. 


Effect of Immediate Freezing on Strength 
of Mortars: 


1. The 2-in. cube mortar tests indicate 
less percentage loss due to freezing than 
do the concrete tests. 
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Fic. 2.—Effect of Immediate Freezing on Strength of Concrete. Averages forall ages. 
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wet mortars. 
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2. Dry mortars were injured less than 


3. The addition of 10 per cent hy- 
drated lime did not appreciably affect 
the results as to the effect of freezing. 


or a 2-in. cube and the larger mass of 
the job concrete. 

For concrete and mortar which ac- 
tually do freeze after being placed, it is 
felt that percentage losses in the tests 
reported are applicable and significant. 


TasLe II.—Errect of IMMEDIATE FREEZING ON THE COMPRESSIVE STRENGTH OF CONCRETE. 


Actual compressive strength in pounds per square inch is given for all normal (0-days frozen) results. 
Ages given are for moist curing periods after frozen period. 


Compressive Strength of Previously Frozen Concrete as Percentage of the Strength 
of the Normal Concrete at the Same Age 
Cement Slump, Pond 1:2:3 Concrete 1:3:5 Concrete 
days — —— 
ays yr. yr. age, days yr. yr age, 
days |per cent days | per cent 
0 2387 4180 6773 6787 | 100 1502 | 2777 4045 4665 | 100 
2 1 61.6 55.1 64.4 67.8) 62.2 | 40.2) 43.2 55.5| 55.4) 486 
7 57.6 51.0) 55.6) 64.3) 571] 385) 37.4) 53.4! 51.7| 452 
| 
0 4000 | 4996 6370 7040 100 3075 | 3690 4815 | 4596 100 
2 1 50.0 61.7 57 58.4) 548 54.0! 67.7 63.1 71.8) 606 
7 44.2 56.7 60.5 53.8) 53.8 42.3 56.9 59.4 58.7} 54.3 
0 1750 3055 4335 4567 | 100 1090 1990 3760 3061 100 
2 1 44.6 485 73.4 77.2| 60.9 51.4) 50.2 70 3 76.0} 62.3 
7 52.0 51.7 72.2 65.7; 60.4 50 4) 49 2 60.0 77.7| 58.7 
0 2 3677 6046 5685 100 1118 2033 3433 4063 100 
ne ee 6 1 48 8 51.2 55.1 67.7| 55.7 37.2 37.0 44.4 50.6, 42.8 
7 47.5 50.1 54.7 63.1) 53.8 33.7 37.2 43.7 45.1} 39.9 
0 3605 4630 5572 5692 160 2390 3290 3990 3656 100 
6 1 38.4 46.0 51.3 55.2} 47.7 50.6 57.1 50.9 57.1] 53.9 
7 36.9 43.5 52.8 56.3) 47.4 43.0 43.4 50 " 61.0) 49.3 
0 1750 3160 4725 5291 100 990 | 1770 3250 | 3005 100 
6 1 45.7 57.9 70.9 65.3} 587 51.1 57.7 52.9) 59.9) 55.4 
7 46.8 497 55.7 60.0) 53.5 48 0 50.9 50.6 57.9] 51.8 
0 4970 4922 5755 | 5872 100 2775 2780 3538 2788 100 
6 1 87.7 97.7 5} 101.0) 93.7 69.0 70.0 65 4 68.5) 68.2 
7 85.0) 97.0) 97.4) 92.7) 93.0 70.3) 77.3) 81.0) 72.7) 75.3 
0 1 3047 5123 4738 100 825 | 1453 2640 2950 100 
9 1 53 0 54.7 60.5 71.1) 60.6 490) 493 $3.3 62.6) 53.2 
7 38.7 52.0 51.3 64.7) 51.7 39.7, 46.0 46.8 54.4) 467 
0 3100 4085 5230 4976 100 1765 | 2300 3290 2300 100 
Seb Mimadanecsed 9 1 414 46.2 51.4 57.0| 49.0 57.8 57.9 66.9 68.6) 628 
7 38.7 45.4 49 8 55.2} 47.3 39.7 53.5 44.1 64.9) 505 
| 0 1000 1600 4100 4272 100 600 945 2550 2520 100 
9 1 41.0 44.7 45.4 48 4) 44.9 404 50.7 43 6 52.1) 46.9 
| 7 41.0 55.0 49.8) 63.8 52.6 44.2 57.2 42.7 47.8) 47.9 
0 4253 4545 5283 4497 | 100 2858 2940 3277 2700 100 
9 1 103.8 101 5| 91.5) 106.1! 100.7 91 5} 94.2) 106.8) 103.0) 989 
7 106 0} 104 0) 105 2) 105 0) 105.0 93 8) 89 4| 100.9; 103.3) 96.7 
CONCLUSIONS Acknowledgments: 


It is of course understood that con- 
crete and mortar subjected to freezing 
temperature on the job may or may not 
be frozen. Marty factors govern. 

It is true also that a difference in the 
effect of freezing may exist between a 
small mass such as a 6 by 12-in. cylinder 


Acknowledgment is made to Messrs. 
E. C. MacCubbin, J. W. Rowe, A. W. 
Young, F. E. Olditch, G. P. Church, and 
J. M. Walsh for helping in these tests, 
and to Mr. A. N. Vanderlip, Instructor 
in Materials, for advice and help in the 
performance of the investigations. 
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Taste 1V.—Errect oF IMMEDIATE FREEZING ON THE Moputus oF Exasticity oF CONCRETE. 


Actual modulus in million pounds per square inch units is given for all normal (0-days frozen) results. 
All moduli computed at stress of 0.4 the ultimate of normal at same age. 


Modulus of Elasticity of Previously Frozen Concrete as Percentage of the Modulus 
of the Normal at the Same Age 
Canent Slump, 1:2:3 Concrete 1: 3:5 Concrete 
28 Aver- 28 Aver- 
7 days days | 1yt- | 4yr. age, |7 days days | 19 4 yr. age, 
per cent ‘per cent 
0 2.17| 316| 367] 4.31 | 100.0} 2.00] 2.52] 3.60] 3.12 | 100.0 
i 2 1 62.6 | 63.8 | 87.0 | 86.5 75.0| 20.0 | 41.7 | 25.5 | 66.7 38.5 
7 37.4 | 63.8 | 58.5 | 79.3 4:2 
| 
0 2.44] 2.93] 3.25 | 380] 1000] 2.32} 2.69] 322] 3.17 | 100.0 
ee 2 1 59.8 | 786 | 83.3 | 74.7 741/448 | 88.6 | 800 | 76.5 72.0 
7 43.3 | 71.0 | 59.0 | 59.5 58 2 | 44.8 | 72.4 | 67.2 | 67.5 63.0 
0 206| 254| 2.79| 346| 1000; 189| 216] 2.83) 3.05 | 1000 
2 1 35.8 | 32.8 | 4.2 | $4.2 71.0 | 26.1 | 35.9 | 638 | 88.8 53.6 
7 50.8 | 80.0 | 91.2 | 91.5 78.4 | 20.9 | 61.7 | 84.0 | 80.0 61.6 
0 213! 388| 398| 1000! 204| 238| 285 | 2.81 | 100.0 
6 1 54.4 | 51.3 | 82.5 | 95.0 
7 44.5 | 312 | 686 | 89.1 1 
{ 0 2.27| 281| 381 | 367 | 1000) 217| 254] 320| 3.02 | 100.0 
6 | 1 14.4 | 492 | 662 | 762 51.5 | 62.9 | 743 | 68.3 | 65.7 67.8 
40.8 | 585 | 736 45.7| 50.0 |...... me 
0 218 | 2.29| 3.10| 3.52 | 100.0! 1.89| 2.15] 228] 3.08 | 100.0 
6 1 583 | 91.6 | 87.2 | 980 | 903/657 | 900 | 815 | 980 81.9 
26.9 | 33.0 |505 | 865 37.7 
| 300! 3.42] 3.60| 3.86 211| 2.29] 2.45 | 2.36 | 100.0 
Te 6 1 88.0 | 840 | 967 | 983 92.9| 688 | 460 | 69.0 | 80.0 65.9 
7 91.6 | 81.0 | 87.5 | 96.3 91.5 | 74.5 | 76.4 | 78.5 | 86.0 78.8 
0 249| 3.60| 1000) 150| 223| 2.62) 2.36| 100.0 
9 rae 9 1 47.5 | 48.2 | 85.0 | 96.4 693/180 | 390 51.5 | 55.1 38.6 
0 2.35| 244| 313 | 3.23 | 100.0) 206| 184| 264] 2.96 | 1000 
9 1 26.5 | 62.4 | 67.0 | 814 593 810 | 94.0 | 735 | 596 77.0 
7 14.7 | 65.2 | 64.4 | 79.8 56.0 | 31.0 | 55.6 | 45.5 | 51.7 45.9 
0 1.60 2.21 | 2.28| 3.23 | 100.0 | 133/ 2.00] 1.96] 2.89 | 1000 
9 1 195 | 440 |770 | 530 | 484/138 | 680 | 400 | 547 44.1 
(| 7 12.5 | 64.5 | 65.8 758 | 5$46| 25.0 | 50.0 | 40.0 | 42.7 39.4 
0 2.70, 2.98, 3.30] 2.95 100.0 2.37| 2.93 47 | 2.58 | 1000 
1 818 | 97.2 | 844 | 94.0 90.0 |100.0 90.0 | 95.0 | 95.5 95.1 
7 | 96.6 | 99.5 | 98.5 95.4 | 99.0 |100.0 | 85.0 | 98.5 | 92.5 | 94.0 
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Water- 


Cement | 


Ratio, 
gal. per 
sack 


8.5 


Curing 
Period 
Before 


Freezing, 


Cured in Dry Air Before 


Freezing 
1 yr 
2935 | 4400 

74.0, 78 

97.4, 98 

99.0! 98 

99 98 

100.6} 99 
102.0, 99 
1597 | 3025 


_ Taste V.—Errect of DELAYED FREEZING ON THE COMPRESSIVE STRENGTH OF CONCRETE. 
All specimens cured in moist-air at approximately 70 F. after freezing and thawing. 


Compressive Strength, lb. per sq. in. Concrete Previously Frozen 
Expressed as Percentage of Normal Strength at Same Age. 
Freezing Period in all Cases 48 hr. at 5 F. 


Cured in Moist Air Before 
Freezing 


| Aver- 
1 yr. age, 
per cent 


No. 


. 
312 SCOFIELD ON EFFECT OF FREEZING ON CONCRETE . 
| 
cme 
7d | 7d | 26 
ay age, ays 2 
per day 
Normal | 1810 100.0 | 1810 | 2935 | 4400 | 1000 
6 72 1| 74.7] 58.5} 62.5 71.0) 640 
12 93 0| 96.1 75.0| 81.0) 787 
= 2 24 98 0} 98.0] 85.0} 93.6, 89.0 892 
48 99 5} 990] 88.5) 940) 103.0) 952 
72 100 1000] 97.6) 99.0) 946 
96 103 0 101.0} 87.3) 95.8 101.0) 95.0 
ATL 
Normal | 923 | 100.0} 923 | 1597 | 3025 | 100 0 
6 58 381 69.7] 45 1.2) 50.0 489 
12 74 7.0} 83.5) 62.0, 66.0, 598 
11.75 9 24 86.6, 90.5 95.0; 907] 4! 9.0| 72.0) 633 
48 90.0| 98.0 92.4, 935] 5 0.0, 85.8 733 
72 101.0} 96.0) 97.0, 980] 6 5.0| 86.0) 79.2 
96 101.0; 98.0) 100.0} 99.6| 69M) 81.4, 84.5| 78.5 
Normal | 3450 | 4206 | 5022 | 100.0 | 3450 | 4206 | 5022 | 100.0 
6 78.0 88.5) 88.5) 85.0| 83.2; 74.5 76.0) 77.9 
12 92.5, 100.0) 92.0) 835 86 0| 88.6 
SS 2 24 95.0| 103.0, 96.0) 980/| 99.0) 95.5) 94.0, 962 
48 97.0, 100.0 100.0} 99.0| 98.5) 965 98.0) 97.7 
72 97.0, 104.0, 98.0) 99.6] 1005) 935 99.0 976 
96 98.5} 103.0| 99.5! 160.3 100 98.0, 98.1 
| | v0 
Normal | 1673 | 2400 | 3190 | 100.0 | 1673 | 2400 | 3190 | 1000 
6 49.4 60.5, 584) 56.1| 37.0) 41.4) 43.7) 407 
12 69.5} 86.0/ 88.0) 812) 458 560 57.0) 529 
12.25 9 24 86.2} 92.0 90.0) 89.4) 60.6 72.0 73.0) 68.5 
48 96.5} 92.5 94.5) 94.5| 79.0 863 85.5) 836 
72 102.0, 96.0, 96.0, 98.0| 82.0 861 900 860 
96 98.0, 98.0, 95.0) 800) 89.5, 93.0) 87.5 


ent 


Ages given are for moist curing period after freezing period. 
Hydrated lime added was 10 per cent of weight of cement. 


Cement 
Dry 
Wet 
Dry 
Wet 
Dry 
Wet 
Dry 
Wet 
Dry 


Frozen 
Period, 
days 


7 days | 28 days 


| 3738 
80.7| 96.7 
71.0) 804 
5238 | 7096 
71. 77.6 
59.1} 61.1 
5518 | 5770 
69.4) 911 
39.3 | 66.4 
7116 | 8198 
17.8| 83.3 
57.0| 64 6 


TaBLE VI.—ErFrrect OF IMMEDIATE FREEZING ON THE COMPRESSIVE STRENGTH OF 1 TO 1 MorRTARS. 


Compressive Strength, lb. per sq. in. Mortar Previously Frozen Ex 
as Percentage of Normal Strength at Same Age 


Without Hydrated Lime 


1 yr. 


/10699 
| 75.5 
63.1 


With Hydrated Lime 
|Average,| 7 days | 28days| 1 yr 
per cent y } y yr. 

100.0 | 4014 5757. 7191 
86.0 | 90 81.5 91.9 
793 | 71.3) 85.2 

| 

100.0 | 3906 | 5418 | 8864 
16.4 78.2| 81.4| 85.1 
66.1 582, 72.4| 748 
100.0 | 5533. | 6450 | 7785 
846 | 82.6) 89.0| 89.1 
70 3 703| 76.7| 84.0 
100.0 | 5717 | 6680 | 8859 
78 750| 765 
61 596| 62.0| 69.1 


pressed 


Average, 
per cent 
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80.5 87.8 
| 86.6 75.4 
10234 100.0 
80.2 81.6 
78.1 68.5 
6489 100.0 
86.9 
77.0 
100 0 
78.9 
63.6 
99.5 | 8&6 | 97.6| 952 | 907| 902| 897 
934| 851| 976| 920) 809| 79.0| 828 
3816 | 5313 | 7406 | 100.0 | 2778 | 4501 | 6095 | 1000 7 
83.7| 880! 1015] 911 93.7| 79.5| 906| 87.9 
846) 75.7| 87.6! 81.0) 97.0| 73.0| 982); 894 
447 | 1025 | 2098 | 100.0 |.... 
67.0| 67.7| 62.5| 65.7 
80.3| 876| 63.0] 76.9 
| | 
301 | 818 | 1644 100.0 I... 
79.7| 67.0| 84.9] 77.2 
700| 841... 
2190 | 3182 | 5048 100.0 
75.2| 91.2| 90.0| 85.5 
77.8 77.1 |... 
| 1071 | 1812. | 3127 100.0 
Wet 87.9| 89.2| 103.0! 934 |.... 
| 83.0) 97.7) 908 
ee. 


TaBLe VII. 


Cement 


Consist- 


| 
Wet 
| 
| 
| 
| 

| 

| 

| 

| 


Wet 


Frozen 
Period, 
days 


a= 


Without Hydrated Lime 


as Percentage of Normal Strength at Same Age 


s | 28 days 
2232 
6 89.5 
4 92.6 
3566 
9 82.8 
3 82.0 
3704 
94.4 
4 91.6 
4842 
2 94 0 
4 86 8 
3041 
0 94.2 
87.6 
2156 
9 98.1 
5 98.6 


1 yr. 


6.0 


Rw 


With Hydrated Lime 


EFFrect OF IMMEDIATE FREEZING ON THE COMPRESSIVE STRENGTH OF 1 TO 3 Mortars. 


: Ages given are for moist curing period after freezing period. 
Hydrated lime added was 10 per cent of weight of cement. 


Compressive Strength, lb. per sq. in. Mortar Previously Frozen Expressed 


| 
Average, 
| per cent 


7 days 


~ 
oo 
on 


| 
| 28 days 


92.7 
2 


w 
on 


oo 
a 


nw 


slew 


1 yr. 


3264 
91.5 
91.8 


4873 
99. 


no 


= 
S 
~ 
no 


| Average, 
per cent 
| 100 0 
89.1 
86 2 


No 
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» 
q 
= 
$1.0 83.2 No. 
82 83.6 84.6 
2218 100.0 | 1887 
60 91 78.3 71.8 86.8 
68 82.3 75.5 89 3 
N 3230 63 100.0 | 3088 0 
78 87 86 6 0.5 
; 3842 103 100.0 100.0 
88 102 0 94.7 92.5 88 5 | 
73 96.5 | 85.6 82 0 | 76.5 
> 
= 2284 143 100.0 4055 100.0 
86 | 92.3 94.1 86.7 105 0 95.3 
80 86 84.7 90.0! 785] 96.9! 88.5 
1569 B41 100.0 | 1687 2608 | 3979 100.0 
86 102 95.8 94.0] 91.6] 105.4| 970 
82 102 94.6 80.3} 88.0 84.8 
76.0} 92.3| 102.3) 90.2 |_.|...... 
71.5| 98.6] 109.2] 93.1 
| 321 533 768 100 0 N 
87.8; 1078] 935 |...... 
| 90 5 90.4 129.3 | 103.4 |....... 
4 
“a 
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TasLe VIII.—Errect oF IMMEDIATE FREEZING ON THE PERMEABILITY OF CONCRETE. 
These batches were taken from the corres 
Ages given al are * for moist curing periods foll owing | frozen peric 


Cement 


Slump, in. 


nding strength test men 


Leakage at 25 lb. per sq. in. aes gal. per sq. ft. per hr. 


No leakage normal or frozen. 


Period, days 1:2:3 Concrete 1:3:5 Concrete 
7 days 1 yr. 7 days 1 yr. 
0 860 0.040 
1.690 1.320 
0 0.001 0.001 0.012 0.006 
1 0.015 0.004 0.670 0.125 
7 1.353 0.005 6.300 0.172 
0 0.000 0.000 0.007 0.008 
1 0.566 0.096 3.090 0.517 
7 3.055 0.130 18.550 2.500 
0 0.015 0.007 0.112 0.050 
1 0.740 0 217 12.400 1.200 
7 18.600 1.350 22.400 5.200 
0 0.008 0.036 0.009 0.012 
1 0.443 0.070 1.280 0.153 
7 1.555 0.155 8.700 0.700 7 
0 0.009 0.058 0.020 0.000 
1 0.440 0.400 3.540 0.240 
7 15.500 1.230 15.500 2.325 
0 0.001 0.000 0.040 0.030 
1 3 450 2.520 2.30 0.780 
7 18.600 3.750 24.800 4.477 
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Mr. C. H. Scnover.'—Mr. Scofield 


has made a valuable contribution to 
our knowledge of the effect of low tem- 
perature during the construction period 
upon the quality of the concrete pro- 
duced. An engineer is prone to base his 
predictions as to the probable strength 
of the concrete in his structure upon data 
secured in the laboratory under normal 
temperature conditions. In actual pro- 
cedure these conditions are seldom ob- 
tained. 

I gather from Mr. Scofield’s paper 
that after the various freezing periods 
the test specimens were again subjected 
to normal curing conditions. It would 


be interesting to know of the effect of, 


long-continued low temperatures, not 
much above the freezing point. This 
condition is very frequently met with 
in practice and may have a very detri- 
mental effect upon the resulting concrete. 

I was particularly interested in the 
uthor’s observation that mortars were 
less severely damaged than were con- 
cretes containing coarse aggregate. I 


1 Professor of Applied Mechanics, Kansas State College 


of Agriculture, Road Materials Laboratory, Manhattan, 


Kans. 


=" 


have observed this condition in construc- 
tion and have attributed it to the ac- 
cumulation of water under the pieces of 
coarse aggregate due to bleeding. 

It is likely that the injurious effect 
of freezing and low-temperature curing 
upon durability and resistance to freez- 
ing and thawing in the finished structure 
is even more pronounced than its effect 
upon compressive strength and perme- 
ability. 

Mr. H. H. Scorrevp? (author’s closure, 
by letter).—The effect of low tempera- 
tures of about 33 to 50 F. during the 
curing period has been shown by numer- 
ous investigators. The author’s investi- 
gation attempts to cover the much less 
common condition—when the concrete 
or mortar is actually frozen hard during 
the curing period. The effect of the 
latter, of course, is a loss of strength due 
to the disruptive forces of the ice crys- 
tals formed. The porosity is increased 
and as Scholer points out, the durability 
and resistance to freezing and thawing 
would likely be greatly reduced. 


? Professor of Materials, School of Civil Engineering, 
Cornell University, Ithaca, N. Y. 


~ 
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ing, 


In the technical literature of a decade 


By RAYMOND E. 


PLASTIC FLOW AND VOLUME CHANGES OF CONCRETE 


SYNOPSIS 


Recent findings of investigations carried on at the University of California 


on plastic flow of concrete are discussed. 

In tests under long-time loading it was found that even after 10 yr. some 
plastic flow was still discernible in plain concretes under sustained stresses of 
several hundred pounds per square inch; however, over 95 per cent of the prob- 
able total flow took place within 5 yr. Ina series of tests on reinforced con- 
crete columns under load for more than 5 yr., it was found that, in terms of 
stresses in the steel or concrete, the movements due to drying shrinkage or 
to plastic flow are of practical importance principally during the first year. 

Tests to determine the effect of water-cement ratio and of aggregate- 
cement ratio upon plastic flow indicated that the denser the cement paste, 
the less the flow and that this variable was very important. Within the 
range of normal concretes tested, it was observed that with pastes of the same 
quality, the flow was practically proportional to the paste content of the 
concrete. 

In tests to compare the flow of concretes in axial tension and compression, 
it was observed that, at least during the early ages, the flow under tensile 
stress was greater than that under compressive stress. At the later ages, the 
rate of flow was less under tensile than under compressive stress. Similar 
results were found in tests to determine the fiber strains in plain concrete 
beams under constant sustained bending moment. 

A low-heat type of portland cement was found to exhibit markedly greater 
plastic properties, particularly at the early ages, than a normal portland ce- 
ment. This is discussed in relation to volume changes and cracking of 
concrete structures. 

In tests made under mass-curing conditions, the stresses developed due to 
thermal changes in large concrete cylinders under complete axial restraint 
were measured. It was indicated that the degree to which flow takes place has 
an important influence upon the stresses developed. 
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ago, there was frequent reference to the 
strength and elasticity of concrete, but 
only an occasional reference to shrinkage 
due to drying and almost no reference to 


; 1 Professor of Civil Engineering, Assistant Professor of 

Engineering, and Research Engineer, Engineering 
Material Laboratory, respectively, University of Cali- 
fornia, Berkeley, Calif. 


the gradual deformation under the action 
of sustained load, which has been vari- 
ously called “‘creep,” “time yield,” and 
“plastic flow.” 

As a result of the research of recent 
years, there has been developed a general 
conception of the effect of shrinkage and 
— flow upon the behavior of con- 
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crete structures, which is already leading 
to marked changes in design and con- 
struction practices. 

It is now generally believed that 
shrinkage and plastic flow are closely 
related phenomena, each being primarily 
due to changes in the amount of ad- 
sorbed water in the cement gel and being 
but little directly influenced by the free 
water occupying the pore spaces within 
the concrete mass. 

In spite of the rather extensive re- 
searches that have been made in this 
field, it is not yet possible quantitatively 
to state with any degree of certainty 
what is likely to be the magnitude of 
either plastic flow or shrinkage under 
the conditions which surround any given 
concrete structure, nor is it possible 
quantitatively to state with accuracy 
what is the effect of plastic flow and 
shrinkage upon the magnitude and dis- 
tribution of stresses. 

The property of shrinkage of concrete 
due to drying is altogether undesirable, 
but while probably shrinkage can never 
be entirely eliminated, yet there seems 
to be the possibility, through the proper 
selection of materials and methods, of 
reducing shrinkage to a point where it 
will not be a factor for serious considera- 
tion—certainly to a point far below that 
observed in present-day concretes. On 
the whole, plastic flow does not seem to 
be an undesirable property. In certain 
reinforced concrete members it tends to 
make possible more efficient use of steel, 
and in thin structures subjected to dry- 
ing, as well as in mass structures sub- 
jected to thermal changes due to the 
hydration of cement, it tends to promote 
a more favorable distribution of stresses 
than would otherwise exist. 

The purpose of this paper is to present 
the results of some of the investigations 
made at the University of California, all 
having to do with volume changes of con- 
crete, and to point out the possible sig- 
nificance of the findings as applied to 
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design and construction problems. By 
reason of space limitations, the paper 
will be devoted principally to a consider- 
ation of volume changes under the action 
of sustained load, hereinafter referred to 
as plastic flow. 

ScorpE OF INVESTIGATIONS 

Started in 1926, plastic flow investiga- 
tions at the Engineering Materials 
Laboratory, University of California, 
have comprised to date some 25 series of 
tests. Among the earlier series were in- 
cluded studies to determine the effect 
upon plastic flow under sustained com- 
pressive stress of (1) duration of loading, 
(2) moisture and temperature conditions 
of storage, (3) moisture content of con- 
crete, (4) gradation and mineral charac- 
ter of the aggregate, (5) size of mass, (6) 
age at time of load application, (7) in- 
tensity of sustained stress, and (8) 
reinforcement. Previous reports? have 
described and discussed the results of 
the tests having to do with these 
variables. 

Recent series of tests, undertaken 
during the period 1934 to 1937, have 
included studies to determine (1) effect 
of water-cement ratio and of aggregate- 
cement ratio upon plastic flow, (2) 
effect of fineness and composition of 
cement upon plastic flow, (3) plastic 
flow of concretes in tension and in com- 
pression, (4) fiber strains in plain con- 
crete beams under constant sustained 
bending moment, and (5) stresses de- 
veloped in large concrete cylinders under 
complete axial restraint during a heat- 
ing-cooling cycle similar to that which 
will occur in mass concrete. 


2 Raymond E. Davis, ‘‘Flow of Concrete Under Sustained 
Compressive Stress,”’ Proceedings, Am. Concrete Inst., Vol. 
24, p. 303 (1928). 

R E. Davis and H. E. Davis, ‘‘Flow of Concrete Under 
Sustained Compressive Stress,” Proceedings, Am. Soc. Test- 
ing Mats., Vol. 30, Part II, p. 707 (1930). | ; 

Raymond E. Davis and Harmer E. Davis, ‘‘Flow of Con- 
crete Under the Action of Sustained Loads,” Proceedings, 
Am. Concrete Inst., Vol. 27, p. 837 (1931). 

R. E. Davis, H. E. Davis and J. S. Hamilton, “Plastic 
Flow of Concrete Under Sustained Stress,’ Proceedings, 


Am. Soc, Testing Mats., Vol. 34, Part II, p. 354 (1934). 
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The following conditions have pre- 
vailed throughout all the tests. For 
specimens maintained at constant tem- 
perature, the temperature has been 
controlled to within 1 deg. Fahr. of the 
nominal temperature. For specimens 
exposed to air, the humidity has been 
generally maintained within 1 per cent 
relative humidity of the nominal value. 
Measurements of surface changes in 
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tensile loads have been maintained 
through the use of heavy coil springs. 

For most of the series of investiga- 
tions, a test group has included three 
similar specimens under load and at 
least two without load, for the purpose 
of measuring changes due to causes other 
than load. There are at present under 
test in the laboratory more than 500 
specimens. 


£ 1400 
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Fic. 1.—Flow Under Lung-Sustained Stress. 


Flow tests, series No. 2. Specimens, 4 by 14-in. cylinders. Aggregate, 0 to 14-in. crushed granite. Fineness modulus 
= 5.03. Cement, normal portland. Aggregate-cement ratio by weight = 5.05. Water-cement ratio by weight = 0.69. 
Slump = 3in. Curing, moist at 70 F. (21 C.) until time of loading. Age at loading, as indicated. Sustained stress, 
compression, as indicated. Storage after loading, in air at 70 F. (21 C.) and 70 per cent relative humidity. 


length have been made with fulcrum- 
plate strain gages, equipped with microm- 
eter dial gages reading to 0.00001 in. by 
estimation. Measurements of interior 
changes in length have been made with 
Carlson electric strainmeters.* Beam 
deflections have been measured with 
specially constructed deflectometers, the 
indicating elements of which are microm- 
eter dial gages, reading to 0.00001 in. 
by estimation. Axial compressive and 


*R. E. Davis and R. W. Carlson, “The Electric Strain 
Meter and Its Use in Measuring Internal Strains,” Proceed- 
ings, Am. Soc. Testing Mats., Vol. 32, Part II, p. 793 (1932). 
_ R.W. Carlson, “Five Years’ Improvement of the Elas- 
tic Wire Strain Meter,” Engineering News-Record, Vol. 114, 
May 16, 1935, p. 696. 


RESULTS OF INVESTIGATIONS 
Plastic Flow Under Long-Time Loading: 


The plastic flows of plain concrete 
cylinders which have been under load for 
10 yr. are shown in Fig. 1. One group 
of specimens was loaded at the age of 28 
days, and the other at the age of 3 
months; prior to loading, the concrete 
was moist cured, and after loading, it 
was stored in air at 70 per cent relative 
humidity and 70F. The sustained 
compressive stresses were 300, 600, 900, 
and 1200 Ib. per sq. in. 

Although under the sustained stress of 
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300 Ib. per sq. in., flow apparently ceased 
after 3 or 4 yr. under load, at the higher 
stresses, measurable although small 
changes in length due to flow appear 
still to be taking place. For the con- 
crete loaded at the age of 28 days to a 
stress of 900 Ib. per sq. in., the flow after 
10 yr. under load has amounted to 1130 
millionths per unit, or more than 1.3 in. 
per 100 ft. About 80 per cent of the 
total flow took place within the first 
year under load and about 97 per cent 
within 5 yr. 


“ Minus sign indicates tension. 

Note.—Flow tests series No. 8. 
0 to 4-in. local gravel. Fineness modulus, 4.47. 
2000-lb. concrete, 8.40; (6) for 4000-Ib. concrete, 4.80. 
for 4000-lb. concrete, 0.53. Consistency, 4-in. slump. 
Age at loading, 28 days. 
Specifications ie Concrete and Reinforced Concrete. 


An approximate proportionality of 
stress to deformation appears to have 
_ been maintained over the loading period. 
For the same sustained stress, the age at 
loading appears not to have a large effect 
upon the rate of change in length after 
_ the first few months under load. 

_ Results comparable with those shown 

in Fig. 1 were obtained from tests upon 
similar groups of plain concrete speci- 
mens which were stored under water for 
about 7 yr. Although for the water- 
stored specimens at the early ages the 
~ rate of flow was much less and at the 


Co Lumns STORED IN Arr OF 50 PER CENT RELATIVE Humupity at 70 F. 


Cotumns StorepD UNDER WATER AT 70F. 


Nominal 
Concrete at Ratio, Gi At Time of Appli- | 
28 Days, per cent ol _ cation of Load 
Ib. per sq. in. 
5.0 22 3 300 «9660 875 
2000....... 1.9 14 200 | 6540 610 
4000....... 1.9 21 800 | 7860 | 975 
2000....... 5.0 19 200 | 7200 | 810 
See 1.9 13650 | 5460 | 605 
Geeeesscess 1.9 20 600 7320 925 


Specimens, reinforced-concrete columns 5 in. in diameter by 48 in. long. 
Cement, normal portland. 
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end of 7 yr. the magnitudes of the defor- 
mations due to sustained load were of 
the order of one third to one half those 
for the air-stored specimens, the rate of 
flow at the later ages was somewhat 
greater for the water-stored specimens. 

In Table I are summarized the results 
of tests upon reinforced concrete columns 
under load for about 53 yr. There are 
shown the stresses in the longitudinal 
steel and in the concrete due to the 
combined effect of elastic and plastic 
strains produced by the sustained load 


TABLE I.—UNIT STRESSES IN REINFORCED-CONCRETE COLUMNS. 


Unit Stresses, lb. per sq. in. 


54 yr. Under 


1 yr. Under Load oad | 5ye 3 yr. Under Load ee 


Steel |Conerete| Steel |Conerete | Steel |Concrete Steel | Concrete 


26 900 | 27 400 —50* | 28 000 | 
34 800 | 35 700 | 45 37 100 15 
37 500 315 


393 40 400 | 340 41 700 | 


10 050 665 10 890 | 620 11 400 | 590 
7 980 555 9060 | 535 | 9 480 | 525 
10 590 865 11670 | 840 12 120 | 835 


Aggregate, 
Aggregate-cement ratio, by weight (a) for 


Water-cement ratio, by weight (a) for 2000-lb. concrete, 0.83; (5) 
Curing, 21 days moist at 70 F. (21 C.), then stored as indicated. 
Column loads determined in accordance with provisions of 1924 Report of Joint Committee on 


and of length changes due to causes other 
than applied load. As flow progressed, 
more and more load was transferred 
from the concrete to the steel, and the 
rate of flow decreased in much greater 
proportion than would be the case for 
plain concrete sustaining the same initial 
stress. Although a detectable move- 
ment appears to continue for a long time, 
in terms of stress in the steel reinforcing, 
the changes in length appear to be 
unimportant after the age of a year or so. 

It will be noted that while under con- 
ditions of wet storage the stress in the 


ste: 
the 
cor 
sm 
str 
thé 
the 
the 
Th 
of 
de 
tio 
col 


Le 
ry 
7 
‘ 
4: 
W 
lo 
pe 
it 
int 
t 
A ( 
f 
im 


steel has not greatly increased during 
the period of sustained load, under dry 
conditions for the columns with the 
smaller percentage of reinforcement the 
stress in the steel has increased more 
than five fold and for the columns with 
the larger percentage of reinforcement 
the concrete is actually in tension. 
This perhaps points to the desirability 
of modifying the formulas used in the 
design of columns to take into considera- 
tion the difference between wet and dry 
conditions. 
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cement contents, two different water- 
cement ratios were employed. All speci- 
mens were subjected to a sustained 
compressive stress of 800 lb. per sq. in. 
at the age of 28 days. The concrete was 
cured under standard moist conditions 
until time of loading, after which the 
tests were carried out in air at 50 per 
cent relative humidity and 70F. The 
results of the tests are shown in Fig. 2. 

It will be noted that the effect of 
water-cement ratio upon plastic flow is 
marked; for example, with a concrete of 


1200 


Decrease 


Change in Unit Length due to Plastic Flow, millionths 


+ 


| 


Bes 8 


Fic. 2. 


Flow tests, series No. 17. S 


loading, 28 days. 
per cent, relative humidity. 


Effect of Aggregate-Cement Ratio and 
Water-Cement Ratio upon Plastic 
Flow: 
Evaluation of the effects of variations 

in the aggregate-cement ratio and in the 

water-cement ratio upon plastic flow has 
frequently been complicated by the fact 
that these ratios have been varied 
simultaneously. In order directly to 

determine the effects of these factors, a 

series of tests was undertaken in which 

for concretes of each of three different 


0 5 20 30 40 5060 80100 150 200 300400500600 


Time Since Application of Stress to Specimen, days, log scale 


Effect of Aggregate-Cement Ratio and Water-Cement Ratio Upon Flow. - 


cimens, 4 by 8-in. cylinders. 

94. Cement, normal portland; specific surface 1300 sq. cm. 
Water-cement ratio by weight, as indicated. Consistency, variable. . (21 
Sustained stress, 800 lb. per sq. in. compression. Storage after loading, in air at 70 F. (21 C.) and 50 


Aggregate, 0 to }-in. local gravel. Fineness modulus = 
rg. Aggregate-cement ratio by weight, as indicated. 
Curing, in fog at 70 F. (21 C.) for 28 days. Age at 


moderate cement content (aggregate- 
cement ratio = 5.50 by weight) sub- 
jected to sustained load for one year, a 
flow of about 930 millionths was obtained 
with a water-cement ratio (by weight) 
of 0.62, while with a water-cement ratio 
of 0.69, the flow was 1370 millionths, or 
about 50 per cent greater than that for 
the lower water-cement ratio. 

For concretes having the same water- 
cement ratio, the richer mixes exhibited 
more flow than the leaner mixes. This 
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concrete requires a higher water-cement 


_ portion of the flow is considered to be ratio than a rich (strong) concrete; of 
_ due to movement in the hardened paste. under these conditions the effect of st 
It is noteworthy that for these tests, increased water-cement ratio may more m 
the percentage difference in paste con- than offset the effect of the decrease in th 
tent of two mixes having the same water- paste content, so far as plastic flow is cl 
cement ratio was practically the same as__ concerned. 
the percentage difference in plastic flow It seems reasonable to suppose that F 
of the same two mixes. For the con- within ordinary limits the water-cement 
_ cretes having a water-cement ratio of ratio has no marked effect upon the t] 
0.62 by weight, the ratio of the absolute amount of the water of adsorption te 
volume of the paste in the rich mix to but that a higher water-cement ratio, } 
that in the lean mix was about 1.19, and _ through increasing the size of the pores le 
040 
Tension 
| Normal Portland - Tension 
ression 
7 ait Portlondy '-Comp 
4 
0 


20 40 


Fic. 3. 


Flow tests, series No. 18. 
All specimens sealed in thin sheet-copper containers. 
5.46. 
portland (26 per cent tricalcium silicate, 6 

per g. Cement content of concrete, 1 0 bbl. 
tb) for low-heat portland = 0.66. Slump, lin. 
storage during test period shown, 80 F. (27 C.). 
sion: 50 and 100 Ib. per sq. in. 


percu. yd. W 


the ratio of the plastic flows for these two 
concretes was of the order of 1.22. For 
the concretes having a water-cement 
ratio of 0.69, the ratio of absolute 
volumes of pastes was about 1.16, and 
the ratio of the plastic flows was of the 
order of 1.12. 

Statements have been made that (1) 
lean concretes flow more than rich con- 
cretes, and (2) weak concretes flow more 
than strong concretes. These state- 
ments require some qualification. For 
the same consistency, a lean (weak) 


Time Since Application of Stress to Specimen, days 


Curing, mass from 40 F. (4.5 C.). 
Sustained stresses: (a) compression: 200 and 400 lb. per sq. in.; (4) ten- 


60 80 100 120 


Flow in Compression and Tension -Mass-Cured Concretes. 


Specimens: (a) for compression, 6 by 12-in. cylinders; (5) for tension, 6 by 33-in. cylinders. 
Aggregate, 0 to 1}-in. 
Cements: (a) normal portland (51 per cent tricalcium silicate, 6 per cent tricalcium aluminate), (b) low-heat 
r cent tricalcium aluminate). 


Columbia River gravel. Fineness modulus 


Specific surface of both cements, 1800 sq. cm. 


ater-cement ratio by weight: (a) for normal portland = 0.69; 
Age at loading, 28 days. Loading and 


between the cement grains, produces a 
paste structure from which the free 
water may the more readily escape, and 
hence, under conditions of stress the 
more readily may the water of adscrp- 
tion be given up. Also, it appears 
reasonable to suppose that the more 
open the pore structure, the less will be 
the areas of contact between neighboring 
hydrated cement grains, and hence under 
a given load the higher will be the 
stresses over such areas of contact. 
There appears the interesting possi- 
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bility that the particle-size distribution 
of a cement, through its effect upon the 
structure of the hardened cement paste, 
may have an important influence upon 
the rate and magnitude of volume 
changes in general. 


Flow in Axial Tension and Compression: 


The results of a series of tests to study 
the flow of concrete under sustained 
tension and compression are shown in 
Fig. 3. Two cements, a low-heat port- 
land and a normal portland, are com- 
pared. Prior to the time of loading, the 
specimens were maintained under mass- 
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reduced to “flow per lb. per sq. in.” It 
is believed that the error involved in the 
assumption that flow is proportional to 
stress is not of sufficient magnitude to be 
of importance in these comparisons. 

It is noteworthy that for these tests the 
rate of flow in tension for a period of two 
or three weeks after load application is 
markedly greater than the rate of flow 
in compression, resulting in a tensile 
flow per unit stress for the period shown 
(4 months), which was greater than the 
corresponding compressive flow. How- 
ever, after a few weeks under load, the 
rate of tensile flow was considerably less 
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Fic. 4.--Flow in Compression and Tension— Standard-Cured Concrete. 


Flow tests, series No. 20. Specimens: (a) for compression, 6 by 12-in. cylinders; (5) for tension, 6 by 33-in. cylinders 


Aggregate, 0 to }-in. local gravel. Fineness modulus = 


4.57. Cement, normal portland. Aggregate-cement ratio by 


weight = 6.00. Water-cement ratio by weight = 0.63. Slump,3in. Curing, in fog at 70 F. (21 C.) until time of loading. 
Age at loading, as indicated. Sustained stress, as indicated. Storage after loading, in air at 70 F. (21 C.) and 50 per cent 


relative humidity. 


curing conditions from a starting tem- 
perature of 40 F. The load was applied 
at the age of 28 days. During the period 
of test under sustained load, the tem- 
perature was 80 F. The specimens were 
stored continuously in sealed thin-copper 
containers to prevent loss of moisture. 
The tension specimens were subjected 
to constant sustained stresses of 50 and 
100 lb. per sq. in., and the compression 
specimens were subjected to constant 
sustained stresses of 200 and 400 Ib. per 
sq. in. In order to make direct com- 
parison between tensile and compressive 
flows, the changes in length have been 


than the rate of compressive flow. 
This points to the possibility that the 
compressive flow may in time equal or 
exceed that in tension. The stress- 
strain data from rapid-load tests of 
specimens made and stored under the 
same conditions as the flow specimens 
showed the same trend—a consistently 
larger tensile unit deformation than 
compressive unit deformation for the 
same unit stress. 

The results of a later series of tests 
exhibiting similar trends are shown in 
Fig. 4. For this series, the concrete was 
made with a normal portland cement 
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and was moist cured until time of load- 
ing, after which the storage was in air of 
50 per cent relative humidity at 70 F. 
For the specimens loaded at age 7 days, 
the sustained stress was 100 lb. per sq. 
in. in both tension and compression. 
For the specimens loaded at age 28 days, 


Instantaneous Deformation 
at Age 7 Days 
3 020 -0/5 O10 
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cracks and checks in thin structures 
subjected to drying which were made 
with cements exhibiting above-normal 
unrestrained shrinkage. It perhaps ex- 
plains why mass structures made with 
slow-hardening cements exhibit so few 
cracks as compared with corresponding 


Decrease in Unit Length per Foot- pound of Bending Moment, millionths - 
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Increase in Unit Length per Foot- pound of Bending Moment, millionths 
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Instantaneous Deformation 
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Fic. 5.—Fiber Strains Under Constant Sustained Bending Moment. 


Flow tests, series No. 23. Specimens, 4 by 6 by 72-in. plain concrete beams. Aggregate, 0 to 3-in. local gravel. Fine- 
ness modulus = 4.71. Cement, = nompnd peta Aggregate-cement ratio by weight = 6. ) 
: storage during test, in fog at 70 F. (21 C.). Loaded beam supported at } points 

of a 69-in. length and loaded at ends. Loading schedule as follows: 


Water-cement ratio by 


Bending Moment Extreme Fiber Stress, 
Age, days at Each End, Ib. Produced, ft-lb. | Ib. per sq. in. 
7 to 28 100 192 96 
28 to 30 250 480 240 
30 to 148 350 670 336 


the sustained stress was 150 lb. per 
sq. in. 

While this property of flowing more in 
tension than compression may not be 
characteristic of all concretes, it obvi- 
ously is a desirable property, since it 
tends to reduce cracking either due to 
drying or to thermal changes. It per- 
haps partially explains the absence of 


structures in which more rapid-harden- 
ing cements have been employed. 


Fiber Strains Under Sustained Flexural 
Load: 


In Fig. 5 are shown fiber strains due to 
plastic flow alone at varying distances 
from the centroidal surface in a beam 
subjected to sustained bending moment 
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under moist storage conditions. Load 
was applied at the age of 7 days and 
fiber strains were measured over a gage 
distance of 10 in. within a length over 
which the moment was uniform. 

It will be observed that the plastic 
flows of fibers on the tension side of the 
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In a parallel series of tests, beams 
which were similarly loaded at the age of 
7 days were removed from moist storage 
to dry air (50 per cent relative humidity) 
at the age of 28 days. Failure took 
place at the age of 41 days, when the 
calculated modulus of rupture was 240 


{ Decrease in Unit Length per Foot-pound of Bending Moment, millionths 
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Fic. 6.—Comparison of Fiber Strains in Beams Under Constant Sustained Moment in Moist and 


Dry Storage. 


Flow tests, series No. 23. 
ness modulus = 4.71. ae normal portland. 


weight = 0.60. Slump, 2 in. Loaded beams support 


Specimens, 4 by 6 by 72-in. plain concrete beams. 
Aggregate-cement ratio by weight = 6.00. 


Aggregate, 0 to }-in. local gravel. 


Fine- 
) Water-cement ratio by 
at 4 points of a 69-in. length and loaded at ends. Dry beams in 


air of 50 per cent relative humidity at 70 F. (21 C.) after 28 days in 100 per cent relative humidity at 70 F. (21 C.); loading 


as follows: 
Total Load Applied Bending Moment Extreme Fiber Stress, 
Age, days at Each End, lb. Produced, ft-lb. Ib. per sq. in. 
7 to 28 100 192 %6 
29 to 41 250 480 240 


For storage and loading conditions of moist-stored beams, see Fig. 5. 


beam tend to be somewhat greater than 
corresponding flows on the compression 
side. These findings parallel those for 
flow in direct tension and compression. 
Also, it will be noted that the neutral 
surface remains substantially in a fixed 


position throughout the period of the 
test. 


Ib. per sq. in. 


humidity) air. 


The modulus of rupture 
of a companion beam (stored under the 
same conditions but not previously sub- 
jected to bending) tested at the same 
age was 470 lb. per sq. in.—about 15 
per cent less than that of a similar beam 
stored in moist (100 per cent relative 
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The plastic behavior of the beam 
stored in dry air after 28 days as com- 
pared with that of the beam continu- 
ously stored in moist air is shown by the 
diagrams of Fig. 6. It will be observed 
that at the age of 40 days, for the beam 
stored in dry air, the plastic flow of the 
extreme compression fiber was three 
times as great, and of the extreme tension 
fiber ten times as great as corresponding 
flows observed in the beam stored in 
moist air. 


TABLE IT.—FLow or MaAss-CurEp CONCRETES 
MADE WITH NoRMAL AND LOw-HEAT 
PORTLAND CEMENTS. 


Flow per |b. per sq. in., millionths 


Age at per unit length 
Load- Cement 
ing, Period Under Sustained Load, days 
days 
ons | 28 28 | 60 | 120 
7 Normal 0.18 | 0.29 | 0.41 | 0.47 | 0.53 
7 Low-heat 0.32 | 0.50 | 0.80 | 0.90 | 0.95 
28 Normal 0.05 | 0.06 | 0.09 | 0.12 | 0.16 
28 Low-heat 0.09 0.11 | 0 16 | 0.19 0.22 


Note.—Flow tests, Series No 18. Specimens, 6 a 
12-in. cylinders sealed in thin-copper containers. Aggre- 
gate, 0 to 14-in. Columbia River gravel. Fineness modulus, 
5.46. Cements: (a) normal portland (51 per cent tri- 
calcium silicate, 6 per cent tricalcium aluminate); (5) 
low-heat putend (26 per cent tricalcium silicate, 6 per 
cent tricalcium aluminate). Specific surface of cements, 
1800 sq. cm. per g. Cement content of concrete, 1.0 bbl. 
per cu. yd. Water-cement ratio by weight: (a) normal 
portland, 0.69; (b) low-heat portland 0.66. Slump, 1 in. 
Curing, mass from 40 to 80 F., and then constant at 80 F. 
Normal] portland reached 80 F. at 10 days, low-heat port- 
land reached 80F. at 20.5 days. Loaded to sustained 
compressive stresses: (a) for normal portland: 100 and 200 
lb. per sq. in. at 7 days; 200 and 400 Ib. per sq. in. at 28 
days; (b) for low-heat portland: 100 lb. per sq. in. at idays; 


_ 100, 200, and 400 Ib. per sq. in. at 28 days. 


r The results of the two groups of tests 
just described demonstrate the very 
marked effect of the humidity of the 
surrounding air upon both the plastic 
flow and upon the modulus of rupture of 
concrete subjected to sustained bending 
moment. Obviously, whether the struc- 
tural element be plain or reinforced, it is 
desirable that the concrete of which it is 
composed be of a quality which under 
‘drying conditions will exhibit maximum 
flexural strength under sustained mo- 
In other words, it is desirable 


that the concrete be one in which the 
effects of plastic flow and shrinkage due 
to drying, one tending to offset the other, 
would combine to produce the most 
favorable distribution of stresses. 


Effect of Fineness and Composition of 
Cement upon Plastic Flow: 


The results of observations of the 
plastic flow of mass-cured concretes 
made with a normal portland and a low- 
heat portland cement, each ground to a 
specific surface of 1800 sq. cm. per 
gram, are shown in Table IT. 

The temperature conditions under 
which each concrete was stored were 
different, so that the rate of hardening 
was dependent upon the curing condi- 
tions as well as the type of cement. 
The values of flow at each of the several 
stresses under which the tests were made 
have been reduced to flow per pound 
per square inch and averaged to obtain 
the values shown. Under these condi- 
tions, the low-heat portland generally 
exhibited a greater flow than the normal 
portland cement, on the average by 
about 80 per cent. The magnitude of 
flow of the concretes loaded at 7 days 
was greatly in excess of that of the con- 
cretes loaded at 28 days. 

The results of a series of tests under- 
taken to study the effect of the compo- 
sition and fineness of the cement upon 
flow in axial compression are shown in 
Fig. 7. There were employed portland 
cements of two chemical compositions, 
one of normal and one of the low-heat 
type, each ground to specific surfaces of 
1300 and 2200 sq. cm. per gram. The 
specimens were loaded in axial com- 
pression to 800 Ib. per sq. in. after 28 
days of standard moist curing, and were 
stored during the period of test in air of 
50 per cent relative humidity at 70 F. 

It will be observed that the coarsely- 
ground low-heat cement exhibited much 
the greater plastic flow at all ages and 
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that its rate of flow was greatest not only 
at the early ages but also at the late 
ages. 

Certain European experience has 
pointed to the desirability of employing 
relatively coarse low-heat cements for 
mass structures, in order to reduce 
cracking to a minimum. The Crystal 
Springs Dam, south of San Francisco, 
built nearly fifty years ago with a coarse 
cement of composition quite similar to 
that of our modern low-heat cements, is 


On PLastic FLow oF CONCRETE 32 


normal or modified composition and 
comparatively high fineness have been 
employed, mass structures have shown 
frequent cracks of considerable magni- 
tude. It is believed that this difference 
in degree of cracking in service structures 
under field conditions can be accounted 
for in no other way than through differ- 
ences in the plastic flow characteristics of 
the concretes of which these structures 
are composed, primarily due to differ- 
ences in composition of cement. 
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Time Since Application of Stress to Specimen, days, log scale 


Fic. 7. Effect of Composition and Fineness of Cement upon Flow. 


Flow tests, series No. 17. Specimens, 4 by 8-in. cylinders. Aggregate, 0 to }-in. local gravel. Fineness modulus = 
4.94. Cement: (a) normal portland (52 per cent tricalcium silicate, 25 per cent dicalcium silicate, 8 per cent tricalcium 
aluminate, 13 per cent calcium ferro-aluminate); specific surface, as indicated; and (6) low-heat portland (30 per cent tri- 
calcium silicate, 47 per cent dicalcium silicate, 8 per cent tricalcium aluminate, 12 per cent calcium ferro-aluminate); specific 
surface, as indicated. Aggregate-cement ratio = 5.50 by weight. Water-cement ratio = 0.62 by weight. Consistency, 
variable. Curing, in fog at 70 F. (21 C.) for 28 days. Age at loading, 28 days. Sustained stress, 800 lb. per sq. in. com- 
pression. Storage after loading, in air at 70 F. (21 C.), and 50 per cent relative humidity. 


perhaps one of the finest examples of our 
older structures, located in a compara- 
tively dry climate, that has developed 
almost no cracks nor surface checks. 


The same general freedom from cracks 
is also observed in the recently con- 


structed Morris Dam, where the modern 


type of low-heat cement was employed 
for the first time in this country. On 
the other hand, where modern, more 
rapid-hardening portland cements of 


Again referring to Fig. 7, it is seen 
that in the case of the low-heat portland, 
the flow is greater for the coarser 
cement; in the case of the normal port- 
land cement, the reverse is true. The 
reason for the reversal is not evident, but 
it seems possible that it may be due to 
variations in the particle-size distribu- 
tion of the cements, which variations 
are not manifest in the calculated values 
of the specific surface. 
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The results of a later series of tests 
covering a wider range in specific surface 
of cements exhibit similar peculiarities, 
again pointing to the possibility that the 
particle-size distribution of a cement 
may exert a marked influence upon the 
flow characteristics of concrete. 


Thermal Stress Studies: 


To investigate the thermal stresses 
developed in concrete under temperature 
conditions similar to those occurring in 
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of test, as measured at the center of the 
specimens, are shown by the lower dia- 
gram of Fig. 8. The specimens were 
sealed in thin-copper containers. Pro- 
vision was made, and the testing appa- 
ratus was designed, so that either com- 
pressive or tensile stresses could be 
sustained. Observations, by means of 
which the length of each cylinder was 
controlled, were made through the use of 
a strainmeter located at the center of 
the specimen along its longitudinal axis, 


percu. yd. Water-cement ratio by weight = 0.63. 
cated by curve. Age at loading, 14 hr. 


mass concrete, tests were made on a pair 
of 12 by 48-in. concrete cylinders which 
were maintained at constant length 
through the period of test. The con- 
crete contained 1.0 bbl. of cement per 
cubic yard, aggregate of 3-in. maximum 
size, and had a slump of 3 in. The 
placing temperature was 57 F., and the 
temperature of the testing room was 
_ maintained in ‘accordance with a pre- 
determined time-temperature schedule. 
The temperatures throughout the period 


Fic. 8.—Stress Required to Maintain Constant Length—-Mass-Cured Concrete. 


Slump, 3 in. 
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Flow tests, series No. 19. Specimens, 12 by 48-in. cylinders sealed in thin copper containers. Aggregate, 0 to 3-in 
Columbia River gravel. Fineness modulus = 6.10. Cement, portland puzzolan. Cement content of concrete = 1.0 bbl 


Curing, mass from 57 F. (14 C.)—temperature as indi- 


Stress, as indicated by curve—specimen maintained at length equal to that ob 
served at age 6hr. Stress and temperature determined from observations on Carlson electric strainmeters. 


and check measurements were made 
through the use of a 20-in. strain gage 
applied to three gage lines on the surface 
of the specimen. To determine the 
changes in length due to thermal changes 
alone, 1-ft. concrete cubes in sealed 
metal containers were cast at the same 
time as the cylinders. The length 
changes of the cubes were measured by 
both internal strainmeter and _ strain 
gage applied to surface gage lines. 
Throughout the period of test, the 
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temperatures of the unrestrained cubes 
were the same as those of the test 
cylinders. 

Based on information obtained from 
auxiliary tests to determine strength and 
plastic flow of the concrete at various 
intervals after casting, load was slowly 
applied to the large cylinders at the age 
of 14 hr. After sufficient load had been 
applied to bring the specimen to the 
length that had been observed at age 
6 hr., the specimens were maintained at 
this length by periodically adjusting the 
load, which was measured by means of 
calibrated coil springs. 

The stresses required to maintain 
constant length, averaged for the two cyl- 
inders, are shown in Fig. 8. During the 
first 4 days, as the temperature rose 
35 deg. Fahr., the stress increased to about 
130 Ib. per sq. in., compression. This 
stress divided by the thermal expansion 
which took place in the unrestrained con- 
crete cubes during the period, gives a sus- 
tained modulus of elasticity of about 
900,000 Ib. per sq. in. A weighted 
average value of the modulus of elastic- 
ity, determined from rapid-load tests 
upon auxiliary specimens during this 
period, lies between 1,500,000 and 
2,000,000 Ib. per sq. in. Thus, it is 
evident that, due to plastic flow, the 
stresses were reduced by perhaps 50 per 
cent of what they would have been if 
flow had not taken place. 

During the period 4 to 7 days, when 
the temperature dropped about 4 F., 
the stress decreased about 100 Ib. per 
sq. in. If this reduction in stress is 
divided by the thermal contraction 
which took place in the unrestrained 
cubes during the period of temperature 
drop, there is obtained a value of ap- 
proximately 5,000,000 Ib. per sq. in., 
which may be considered as the effective 

modulus of elasticity during the period 
of decreasing temperature. The corre- 
sponding modulus of elasticity of con- 
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cretes, as determined from rapid-load 
tests on auxiliary cylinders, was of the 
order of 2,500,000 Ib. per sq. in. It is 
noteworthy that as stress is released 
after a period of sustained load, the 
effective modulus of elasticity is much 
greater than would be obtained by the 
ordinary procedure of determining def- 
ormations under rapid-loading con- 
ditions where permanent set is included 
in the measured deformations. 

During the period 7 to 26 days, when 
the temperature rise was 6 deg. Fahr., the 
stress increase was 80 Ib. persq. in. The 
ratio of this stress to the thermal expan- 
sion of the unrestrained cubes during the 
same period was about 2,000,000 Ib. per 
sq. in.; during this period the average 
value of the modulus of elasticity deter- 
mined from rapid-load tests on auxiliary 
specimens was of the order of 3,000,000 
Ib. per sq. in. 

When the temperature had declined 
from the maximum of 94 F. to 89 F. (a 
drop of only 5 deg. Fahr.), the compres- 
sive stress in the restrained specimen had 
declined to zero. When the temperature 
had declined to 76 F. (19 deg. Fahr. above 
the initial temperature), the specimen 
failed in tension at a stress of approxi- 
mately 200 lb. per sq. in. 

Over the period, age 26 days to age 77 
days, during which the stress declined 
310 lb. per sq. in., the effective modulus 
of elasticity was 3,800,000 Ib. per sq. in. 
as compared with a modulus of 3,600,000 
lb. per sq. in. determined from rapid- 
load tests at the age of 28 days. The 
relatively high value of the effective 
modulus is due in part to the conditions 
existing during the release of stress, as 
noted previously. 

While no concrete structure is com- 
pletely restrained and therefore the 
thermal stresses developed during the 
course of the experiment just described 
were in excess of those which would 
actually be set up in a structure built of 


the 
dia- 
were 
Pro- 
‘om- 
be 
s of 4 
was 
e of 
r of “a 
xis, 
3-in 
bbl 
indi- 
t ob 
ade 
age 
‘ace 
the 
ges 
led 
me 
gth 
by 
ain 
1€s. 
the 


330 Davis, DAVIS AND BROWN 


the given concrete and subjected to the 
given temperature changes, yet in the 
cases of thick walls, heavy foundations, 
bridge piers, and dams resting on rock 
foundations, the conditions of the experi- 
ment may be approached. For this 
reason the results are of value as indi- 
cating in many mass structures the exist- 
ence of high stresses due to heating and 
cooling, not only in the vicinity of the 
foundation rock but at exposed faces, 
keyways, and along construction-joint 
planes between lifts. In certain types 
of structures these residual stresses due 
to thermal changes may not be a matter 
of importance. In the case of dams, 
_ however, these stresses, in combination 


thermal changes. The condition of 
dams, where there are in evidence many 
_ $tructural cracks in spite of contraction 
joints, makes it appear that this must 
be true. 

The results are also of value in show- 
ing the large part that plastic flow 
plays in the development of stress during 
the heating-cooling cycle and in indicat- 
ai a method which may be employed in 


experimentally determining the magni- 
tudes of thermal stresses that are likely 
to occur in any proposed structure. 
When through the results of exten- 
sive experiment there have been estab- 
lished the time-flow-stress-temperature- 
restraint relationships for a wide variety 
of conditions, they may be employed in 
a rational method of thermal-stress 
analysis. This appears to be the next 
step—a step which will remove an 
important element of uncertainty which 
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Mr. D. E. Parsons.'—What is the 
effect of the moisture content of the 
concrete at the time of loading on the 
plastic flow of concrete stored in air 
subsequent to loading? 

Me. R. E. Davis.2—It depends greatly 
upon the amount of moisture present 
in the concrete at the time of loading. 
In concretes which are thoroughly dry, 
the rate of flow is comparatively small, 
but in the usual case of dry air storage 
where the concrete at the time of loading 
is moist and subsequently dries out, the 
rate of flow is large. I suppose this is 
due to the fact that the surface of a 
column, for example, shrinks much more 
rapidly than does the interior. Under 
load there is produced a comparatively 
high compressive stress near the center; 
while at the same time the surface 
fibers may actually be in tension. In 
building columns under load I have 
observed minute horizontal cracks, in- 
dicating the existence of such tensile 
stresses. 

Mr. L. W. Tetter.*—I should like 
to ask Mr. Davis whether he has ob- 
served in any of the specimens a pro- 
gressive increase in volume with time, 


1 Chief, Masonr Section, National Bureau 
of Standards, WwW D.C 

? Professor of Civil Engineering, University of California, 
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* Senior Engineer of Tests, U. S. Bureau of Public Roads, 
Washington, D. C. = 
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that is, a growth in the volume of the 
concrete not due to stress conditions. 
I have in mind particularly wet storage 
conditions. 

Mr. Davis.—We have observed that 
with any concrete there is an increase 
in volume with time under moist storage 
conditions. Of course, the flow in the 
case of a column may more than offset, 
and usually does more than offset, the 
increase in volume due to water ad- 
sorption. 

Mr. TELLER.—It occurred to me that 
this might be a complicating factor in 
some of the observations that you are 
making. If there were volume changes 
of that sort occurring, an error of un- 
known magnitude is introduced which 
would affect both the apparent tensile 
deformations and the apparent com- 
pressive deformations. 

Mr. Davis.—What you say is true 
unless the concrete before loading has 
reached a state of volume equilibrium. 
However, in the investigations here 
reported the length changes of unloaded 
companion specimens have been ob- 
served, and the average plastic flow 
has been determined by taking the 
difference between the length change 
of a loaded specimen and the length 
change of a corresponding unloaded 
specimen. 
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If a brick is set on end in shallow water 
and that portion of the brick above the 
_ water is exposed to conditions favoring 
evaporation, water entering the brick by 
capillarity will move upward and out- 
ward through the brick. The water will 
tend to dissolve soluble salts in the brick 
and transport them to the surface where 
they may be progressively deposited as 
the water, in which they are dissolved, 
evaporates. These phenomena have 
been variously applied in a “wick test” 
which may be regarded as a test to indi- 
cate the presence of soluble salts which 
may contribute to efflorescence on 
masonry. 

The authors of this report do not 
_ know who first used this test for efflo- 
rescence but one of the authors tested 
brick by this method in 1922. Palmer* 
_ reported: ‘“The brick were set vertically 
in the pan and in about 1 in. of distilled 
water, and the tests in all cases were con- 

tinued for a period of six months.” But- 


! Publication approved by the Director of the National 
Bureau of Standards of the U. S. Department of Commerce. 
: 2 Senior Technologist, and Chief of Masonr 7 Construc- 

tion Section, respectively, National Bureau of Standards, 

Washington 
almer, “Cause and Prevention of Klin and 
y-House Scum and of Efflorescence of Face-Brick 
7 Walls Technologic Paper No. 370, Nat. Bureau Standards, 


THE WICK TEST FOR EFFLORESCENCE OF BUILDING BRICK! 
By J. W. McBurney’ Anp D. E. Parsons? 


SYNOPSIS 


This paper describes the wick test for efflorescence on building bricks and 
presents data showing the relation between results of wick tests and the ap- 
pearance of efflorescence on exposed masonry panels. 
the results of the 5-day wick test correlate well with the grading on exposed 
panels when the efflorescence on individual bricks rated in excess of ‘‘moder- 
ate” on the scale used for grading intensity of visible efflorescence. 


It is concluded that 


terworth‘ used a wick test with exposure 
from two to three weeks. In 1930, 5-day 
wick teSts were made on 684 bricks, each 
of a different grade or brand, from 255 
manufacturers. Although the results of 
these tests were not published they were 
given to the manufacturers supplying 
the samples. Since 1930 considerable 
use of the wick test has been made by 
the National Bureau of Standards at the 
request of certain Government con- 
struction agencies. 

In the late summer of 1936 a number 
of small panels or wallettes were con- 


structed from 18 types of brick for the . 


purpose of studying the effects of 
weather on brick masonry, including 
efflorescence. Samples of the brick used 
in constructing these panels were sub- 
jected to the 5-day wick test. The rela- 
tion between the results of this wick 
test on the bricks and the amount of 
apparent efflorescence on these panels is 
considered in this paper. 


Tue Wick TEST FOR EFFLORESCENCE 
At the National Bureau of Standards, 
the wick test consists in standing a whole 


‘B. Butterworth, “Contributions to the Study of 
Florescences, VI,” Transactions, Ceramic Soc. (London), 
Vol. 32, p. 270 (1933). 
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brick on end in 0.5 in. of distilled water, 
maintained at approximately a constant 
level by inverting a flask of water over 
the tray, with the mouth of the flask 
held at the desired level. The brick, 
except that portion in contact with 
water, is exposed to the air of the labora- 
tory at ordinary temperature. At the 
end of 5 days the brick is dried in an 
oven at 105 to 110 C. for at least 18 hr. 
and the amount of efflorescence is esti- 
mated by visual comparison with an un- 
treated specimen. 

The amount of efflorescence is rated on 
a scale consisting of 6 classifications or 
grades, described as follows: 


(0) None—No observable difference in 
the appearance of a brick after test and be- 
fore. 

(1) Trace—Efflorescence barely distin- 
guishable by careful comparison. 

(2) Slight—Observable. Not sufficient 
efflorescence to affect materially the appear- 
ance when viewed at a distance of approxi- 
mately 6 ft. 

(3) Moderate—Distinct coating but the 
original color of the brick distinguishable 
under the efflorescence. 

(4) Considerable—The original color of 
the brick masked by the efflorescence. 

(5) Abundant—Efflorescence such 
quantity that it may be brushed off readily. 


It is considered that Butterworth’s‘* 
first grade, “Bricks that are not liable to 
eflorescence, that is, those on which the 
efflorescence developed in the test is nil 
or negligible’ corresponds to the “none,” 
“trace” and “slight” of this grading. 
His second grade “Bricks that can only 
be recommended with reserve from the 
point of view of efflorescence”’ represents 
“moderate” and possibly “considerable” 
and the third grade, “Bricks the use of 
which would constitute a disaster” cor- 
responds to “abundant.” 

In the wick test on a particular brick, 
the amount of efflorescence that appears 
on the surface is affected by several fac- 
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tors other than the quantity of salts per 
unit of volume of the brick. For exam- 
ple, if the brick has a very low rate of 
absorption, approximate equilibrium will 
be quickly reached between water evapo- 
rated and water diffusing through the 
brick by capillarity. Efflorescence will, 
under these conditions, appear at the 
junction between the damp and dry por- 
tions of the brick, usually as a horizontal 
band around the brick. On one speci- 
men, this band was less than one inch 
above the surface of the water. Obvi- 
ously the dry portion of this brick did 
not contribute to the efflorescence. 
Again, there are certain combinations of 
temperature, humidity, circulation of 
air, and pore structure in which evapora- 
tion will take place beneath the surface 
of the brick with the result that some 
salts will be deposited there and hence 
will not be visible. This is the ‘“‘crypto- 
florescence” referred to by Cooling.® 
Then, too, if the brick specimen has a 
large total absorption, a high rate of 
absorption and contains a moderate 
amount of readily soluble salts, the efflo- 
rescence obtained in the wick test may 
appear as beads on the four upper 
corners of the brick instead of being dis- 
tributed over the surface. 


ExposurE TESTS OF PANELS OF BRICK 
MASONRY 


The panels considered in this study of 
the relations between the results of the 
wick test and the actual exposures were 
made of 18 brands of brick (briefly de- 
scribed in Table I) and a single kind of 
mortar (1.0 part portland cement, 0.1 
part hydrated lime, 3.0 parts sand, by 
weight). All panels are 4 ft. high, 3 ft. 


5 If standardization of the wick test is to be attempted, 
one might begin by prescribing the temperature, humidity 
and velocity of air and then working either for a definite 
time or until a definite quantity of water has been 
evaporated. 

¢L. F. Cooling, “Contributions to the Study of Flor- 
escence. II Evaporation of Water from Brick,” Transac- 
tions, Ceramic Soc. (London), Vol. 29, No. 2, pp. 39-52 
(1930). 
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long and 12 in. thick and are set verti- 
cally 12 in. deep in the ground. Com- 


mon bond was used throughout and the 
workmanship was characterized by fur- 
rowing of the horizontal joints and a 
minimum filling of the vertical joints. 

Each brand of brick (except No. 14) 
was used to build four panels, each of 


» 
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4. Combination of 2 and 3 (see 
Fig. 1). 

The panels are placed on the top of a 
gradually sloping and somewhat wooded 
knoll in the northwest corner of the 
Bureau’s grounds at Washington, D. C. 
This site was selected so that all panels 
would be exposed to essentially the same 


1. 


Panel of Brick 2 Showing Sheet Copper Cap over Top and Sheet Copper Flashing 


Above Ground (Protection 4). 
Photograph taken November 25, 1936, 


1. No protection. 
2. Top of panel covered with loosely 
fitting sheet-copper cap. 
_ 3. Sheet-copper “flashing” in hori- 
zontal joint through the panel, 


2 in. above ground level. 


', which was “protected” differently, as 
follows: 

j 


atmospheric conditions. The individual 
panels, facing east and west, were spaced 
5 ft. apart between faces and 4 in. apart 
between ends. 

Random samples consisting of 12 
specimens each of the 18 brands of brick 
used in the construction of these panels 
were subjected to the 5-day wick test. 
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RELATION BETWEEN INDICATIONS OF 
Wick TESTS ON BRICK AND EFFLOR- 
ESCENCE ON ExposED MASONRY 
PANELS 
The masonry panels were inspected on 

November 30, 1936, and again on March 

4,1937. The first inspection was made 

six weeks after completion of construc- 


On Wick TEsT FOR EFFLORESCENCE OF 


ratings assigned to the panels depended 
to a far greater extent upon the judg- 
ment of the inspector. Both intensity 
and distribution of the efflorescence were 
considered. As indicated by footnotes 
in Table I, some of the bricks in certain 
panels of bricks 5 and 16 showed much 
more efflorescence than others during the 


TABLE I.—COMPARISON OF RESULTS OF 5-DAy Wick TESTS FOR EFFLORESCENCE OF BRICK AND 
EFFLORESCENCE RATINGS FOR MASONRY PANELS. 


| 
Ratings for Masonry Panels* 
ti 
Wick First Inspection Second Inspection > 
Brick Rat- Protection’ Desteitiant Description of bricks 
ings’ 
B, 
- 1 2 3 | 4 1 2 3 | 4 | C/B | per 
cent 
i ae 0 4 3 ZS i3 2 2 2 2 |0.69| 24 SM; C; Salmon, Pennsylvania 
a 0 1 2 2 0 1 2 1 1 0.81 15 DP; C; Virginia 
| = 0 1 1 0|2 1 1 1 1 | 0.71 18 Sand-lime, Pennsylvania 
No. 4.. 0 2 1 3 |2 1 1 1 '1¢.78 i & SC; C; Maryland 
1 4 3 2 2 2 | 0.74] 17 SM; C; Hard, Pennsylvania 
1 2 1 1% 3 3 3 15 EC; C; Chicago 
2 3 4 313 24 SM; C; Detroit 
2 3 4 3 2 1 3 | 0.91 | 33 SC; C; Wisconsin 
No. 9... 3 0 1 1/1 2 1 2 2 | 0.86| 14 SC; S; Light hard, West Virginia 
No. 10..... 4 4 3 413138 3 | 0.88 | 14 DP; S; Texas 
4 4 4 4|3 41/4) 4 3 | 21 SM; C; Hard, Hudson Valle 
|S) 4 5 4 4\4 3 4 3 3 | 0.90} 23 SM; C; Salmon, Hudson Valley 
No. 13 4 5 4 5 | 4 3 3 3 3 | 0.84 18 SM; C; Salmon, New England 
No. 14 4 SC; S; Deaired, Pennsylvania 
No. 15 0-2 0 1 2\0 | 2};2/]|2j] 1 | 0.87 5 SC; S; Hard, West Virginia 
No. 16... 0-5 | 2 | 2/064] 16 SC; S$; Minnesota 
No. 17 1-3 3 2 2 1 2 1 | 0.78 | 33 _ DP; C; Texas 
No. 18 2-3 1 1 213 2| 2/2 1 | 0.84 | 12 SC; C; Salmon, Maryland 


* For convenience, the rating are expressed numerically: 0 = none. 1 = trace. 2 = slight. 3 = moderate. 4 = 


© One brick rated 4. 


DP = dry press. 


C =clay. S = shale. 


_ / Protection 1 = no protection; 2 = top of panel covered with loosely fitting sheet-copper cap; 3 = sheet-copper “flash- 
ing” in horizontal joint through the panel, 2 in. above ground level; 4 = combination of 2 and 3. 


tion of the panels. There had been no 
rain for two weeks preceding this inspec- 
tion. Subsequent rains temporarily re- 
moved all traces of visible salts from the 
panels. The second inspection took 
place on the fourth day of clear weather. 

The selection of the ratings for efflor- 
escence on the pane!s was not as simple 
as for individual bricks because the 


first inspection. At the time of the 
second inspection, the efflorescence was 
more uniformly distributed. In at- 
tempting to evaluate or visualize the 
appearance of the panels, it might be 
stated that ratings less than ‘‘moderate”’ 
(3) indicate no material change in the 
appearance of masonry when viewed 
from a distance of 20 ft. 


(see 
fa 
ded 
the 
els 
me 
— &C = water absorption in the 24-hr. submersion test and B water absor . boiling test, described in 
the Tentative Methods of Testing Brick (C 67 - 36 T), Proceedings, Am. Soc. ‘I l. 36, Part I, p. 780 (1936); 
; also 1936 Book of A.S.T.M. Tentative Standards, p. 432. 
°SM =softmud SC =sidecut. EC =endcut. 
_| 
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Table I includes the results of the wick 
tests, the results of these two inspections, 
_ and data on the absorption of the bricks. 
The reader is cautioned against ascribing 
any cardinal significance to the numerals 
used in rating efflorescence. It is prob- 
able that the difference in the amounts 
of salts warranting a change of rating 
from “‘moderate” (3) to “considerable” 
(4) was greater than the difference to 
change from “none” (0) to “moder- 
ate” (3). 

The data pertaining to bricks 1 to 14 
_ inclusive are grouped according to the 
ratings for these bricks in the wick test. 
The individual bricks (12 each) of each 
of these types were rated alike in that 
test. Those for bricks 15 to 18 inclusive 
showed significantly different amounts 
of efflorescence in the wick test, and the 
data for these are in a separate group. 

The data of Table I, pertaining to 
bricks 1 to 14 inclusive, show the fol- 

lowing: 

1. When the rating of the bricks in 
the wick test was “considerable” (4), 16 
of the 17 panels built from these bricks 
rated “moderate” (3) or more in the 
first inspection and all these rated 
“moderate” (3) or more in the second 
inspection. 

2. When the rating of the bricks was 
“slight” (2) or less, 27 of the 32 panels 
of the bricks rated ‘“‘moderate” (3) or 
less in the first inspection and 31 of the 
32 rated “‘moderate”’ (3) or less in the 
second inspection. 

3. When the rating of the bricks was 
“trace” (1) or less, 22 of the 24 panels 
_ rated “‘moderate”’ (3) or less in the first 
inspection, and in the second inspection 
all rated “moderate” (3) or less and 20 
— of the 24 rated “slight” (2) or less. 

4. The data presented do not show 
that the kind of protection had a signifi- 
cant effect on the amount of efflorescenee 
on the panels. 
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It is evident that the correlation be- 
tween the indications of the wick tests 
on the bricks and the appearance of 
efflorescence on the masonry was some- 
what better for the data of the second 
than for the first inspection. Possibly 
data obtained during future inspections 


will show a continuance of this trend N 
and also a significant difference in the wri 
appearance of panels with different pro- of | 
tections (2, 3, 4). abl 

The panels built with bricks rating abc 
“none” (0) to “slight” (2) tended te wit 
rate one or two grades higher than the cou 
individual bricks. Some of the efflor- wa 
escence on these panels probably was ha: 
caused by soluble salts originally in the are 
mortar. The appearance of the panels $01 
during the first inspection indicated that en 
salts from the mortar had contributed to ing 
the deposit. The efflorescence on most flu 
of the panels appeared on the exposed by 
faces of the bricks and was chalk white he 
in color, whereas, that on some of the co 
panels of bricks rating “none” (0) was re 
limited largely to the joints and edges th 


of the bricks adjacent thereto and was 


gray in color. 
i 


The results of the tests and compari- , 
sons showed that: 

1. If considerable efflorescence ap- 
peared on bricks in the 5-day wick test, ' 
masonry panels built of bricks of the 
same brand showed an objectionable 
(moderate or more) amount of efflor- 
escence. 

2. If the efflorescence on bricks in the 
wick test was only a trace or less, most 
of the masonry panels built from the 
same brand of bricks showed only 4 
slight (or less) amount of efflorescence. 

3. Soluble salts from mortar appeared 
to have caused efflorescence on some of 
the panels. 


ite” 


CONCLUSIONS 


| 


Mr. L. A. Patmer! (presented in 
written form).—In a considerable number 
of buildings, efflorescence is most notice- 
able on parapet walls beneath copings, 
above the lintels and below the sills of 
windows and below projecting brick 
courses which collect the wash of the 
wall. The evaporation of water which 
has entered through poorly constructed 
areas of a wall usually takes place at 
some joint. below that at which it 
entered, the movement of water saturat- 
ing the masonry materials being in- 
fluenced both by capillary forces and 
by gravity. However, it also often 
happens that the movement of water 
containing the dissolved salts of efflo- 
rescence is in the upward direction from 
the ground level. Particularly is this 
true where quite porous bricks are used 
below grade. By interposing slate or 
other relatively impermeable material 
in the bed joint near the ground level, 
this upward movement of moisture may 
be effectively checked. 

The observation of Cooling, of the 
staff of the British Building Research 
Station, is interesting. The develop- 
ment of “cryptoflorescence” in clay and 
shale building units is similar to the 
deposition of salts within the unit taking 
place during the early drying and firing 
periods of the manufacturing process. 
It would seem that in certain instances 
liquid water may change to water vapor 
within the body of the clay mass. When 
this happens, the salts do not reach the 
surface but are deposited in the interior. 
Ordinarily, one would consider that the 


1 Associate Chemist, U. S. Bureau of Public Roads, 
Washington, D. C. 
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conversion of liquid to vapor occurs 
only on the solid surface but apparently 
this is not always the case. When a 
“green” brick going into the dryer is 
pressed with the palm or fingers of the 
hand, one may frequently note, after 
drying, a scum deposit over the finger 
indentations, the remainder of the 
surface being relatively free from scum. 
The pressure of the hand reduces the 
number and size of capillary “exits.” 
Consequently evaporation through such 
areas occurs relatively slowly and water 
must move entirely outward to the 
surface before there is appreciable eva- 
poration. It may be possible that the 
capillary structure of a burned clay or 
shale building unit may sometimes be 
such as to permit the change of water 
liquid to water vapor within the solid as 
well as at its surface. 

The soluble matter in the dry mortar 
ingredients is quickly dissolved when 
water is added. This soluble matter 
passes quickly into dry porous bricks by 
means of “suction.” If the bricks are 
fairly impervious or if they are porous 
bricks set wet, the soluble matter tends 
to remain within the mortar and, upon 
evaporation, to be deposited in part on 
the exterior surfaces of the joints. In 
this connection it should be noted that 
most if not all mortar mixes produce 
solutions saturated with calcium hy- 
droxide (lime) when the mixing water is 
added. Lime itself is soluble and as 
such may contribute noticeably to 
efflorescence. As efflorescence on the 
face of a wall, it is slowly changed to the 
carbonate and thereafter is removable 


only with acid solution. 
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The sulfates of soda, potash, lime, and 
_ magnesia comprise most of the white or 
efflorescence. A_ relatively rare 
_ type of efflorescence traceable to clay or 
shale building units is that produced by 
soluble vanadium compounds. This 
first appears as brilliant yellow 
encrustation and gradually changes to 
green or blue and appears usually on 
certain light or buff-colored bricks. 
Chromate and molybdate salts, which are 
deposited even less frequently than the 
vanadates, are similar in color to the 
latter. 

The writer knows of no test more 
practical or expedient than the wick 
test. It is possible to test a considerable 
_ and representative number of bricks by 
this procedure. The period of the test, 
5 days, should be ample for all practical 


_ purposes. 


Presumably, furrowing the horizontal 

joints and only partially filling the 
vertical ones in the test panels was a 
procedure followed in order to accelerate 
entrance of moisture and thus make 
the tests more positive, although the 
authors have not stated that this was 
the purpose of this procedure. It is a 
procedure that has been generally fol- 
_ lowed in actual construction and is one 
_ that cannot be denounced too vigorously. 
It should be economically possible to 
_ have reasonably well filled joints. 
Mr. C. C. Connor? (presented in 
written form).—It is very necessary that 
there be some method of determining, 
approximately at least, the amount of 
_efflorescent salts in brick. Not only 
_ does efflorescence disfigure a building, 
but there appears to be some evidence 
that efflorescent salts may produce a 
result much more harmful, namely, 
that the action of these salts may cause 
brick to spall. 

In a group “of some fifty buildings 


2 Assistant Engineer, New Jersey Bell Telephone Co., 
Newark, N. J. 


which have been under my observation, 
six are showing a considerable amount of 
spalling of the face brick. The con- 
ditions at five of these buildings point 
towards the action of efflorescent salts 
as a possible cause of the spalling. 
These five cases divide themselves into 
two groups by the nature of the brick 
and the spalling action. One group 
includes two buildings having very 
similar fire-clay face brick with an 
impervious face formed in the burning 
without the addition of any glazing 
material. The lighter colors seem to be 
underburned; the darker colors appear 
to have been moderately well burned. 
Samples from the original shipments were 
tested chemically by a method that gave 
rough quantitative comparisons and 
were estimated to contain slight to 
moderate amounts of soluble sulfates. 
The efflorescence on the buildings has 
shown in considerable amounts in con- 
centrated areas of limited extent, but 
over the greater area of the building it 
has not been generally noticeable. 

Three years after the construction of 
these buildings, it was noted that the 
impervious face of the brick was begin- 
ning to disappear in certain areas, and 
this condition has continued to increase. 
The buildings are now 6 yr. old. The 
destruction of the brick face was not 
the result of large flakes being lifted off. 
The first action took the appearance of 
scratches on the face, followed by the 
development of small pits, and in the 
most advanced stage evident today, the 
impervious face has completely dis- 
appeared, leaving a rough surface with 
small pits. In no case has the dis- 
integration progressed to any great 
depth, but the appearance has become 
decidedly unsatisfactory. 

When first noticed, the spalling was 
confined to those areas where efilo- 
appeared in considerable 
Even in individual bricks the 
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areas where the face was destroyed 
coincided with concentrations of efflo- 
rescence. As the spalling spread, bricks 
were affected in areas where the efflo- 
rescence was slight, but numerous in- 
spections during periods favorable tothe 
formation of efflorescence showed that 
efflorescence had concentrated at the 
points where the spalling had occurred. 

One of the interesting features of the 
spalling was that all of the noticeable 
increase and spread of the condition 
occurred in the spring months when 
there were no freezing temperatures. 
This coincided with the appearance of 
much efflorescence, but the amount was 
no more than appeared in the fall 
months. It would appear, however, 
that the spring season would be more 
favorable to cycles where the efflo- 
rescent salts could lose and take on 
molecules of water of crystallization 
between the periods of formation and 
dissolution by rain. 

If efflorescence is a cause of spalling of 
brick, it is felt that the taking on of 
water of crystallization by an effloresced 
salt is more likely to be the cause of 
disintegration than the crystallizing of 
the salt out of solution. The ease with 
which the sulfates of sodium and mag- 
nesium lose and take on water of 
crystallization puts them under suspicion 
since, according to Palmer,’ they are 
typical salts of brick efflorescence. 

Samples of affected brick, including 
various stages of the destruction of the 
face, were cut out of the walls of one of 
the buildings in this group and sub- 
jected to a freezing-and-thawing test, 
but a long series of cycles failed to 
produce any definite increase in the 
spalling. Frest action evidently was 
hot a cause in this case. 

The second group consists of three 
' *L. A. Palmer, “Cause and Prevention of Kiln and 
Yry-House Scum and of Efflorescence on Face-Brick 
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buildings 7 to 8 yr. old, built with a_ 
common clay face brick of like manu- 
facture but differing in size and surface 
texture. All of the bricks have a highly 
absorbent face and appear to be mod- 
erately well burned. None of them was 
tested for efflorescent salts before use. 
The efflorescence on the buildings has 
shown in abundant amounts on con- 
centrated areas and has been present in 
variable amounts on other areas. At 
two of the buildings it has been wide- 
spread, but at the third it has been 
limited to the parapet walls. 

The spalling at these buildings was not 
noticed until three years ago when the 
observed spalling at one building caused 
a survey to be made of others that had 
been recently constructed. The con- 
dition when first noticed was quite 
advanced in many areas and has con- 
tinued to progress and spread at two of 
the buildings up to the present time. 
Both efflorescence and spalling have 
been stopped at one building for the 
past 2} yr. by a very thorough water- 
proofing treatment. 

The spalling in this group was in thin 
layers, frequently of large size, and this 
action progressed, layer after layer, 
until in the more advanced stages, the 
whole face of the brick has spalled off 
to the depth of } in. The spalling has 
occurred only in the areas of abundant 
efflorescence. All of the noticeable 
growth of spalling in this group also has 
occurred in the months of April, May 
and June. Each year the condition has 
increased during these months and then 
remained apparently quiescent for the 
rest of the year. 

When efflorescence was abundant dur- 
ing these periods of growth, heavy 


- deposits of efflorescent salts almost 


invariably have been found back of the 
loosened layers of brick that were ready 
to spall off. I have made no careful 
observations of conditions obtaining 


te 
— 


a 
ig 
‘ 
| 
vas 
ble 
the 


during the spalling of common brick, 
- but have frequently noted a similar 
bed of efflorescence under loose spalls 
when removed. 

It is known that abundant efflo- 
rescence has recurred on many brick 
surfaces for years without causing any 
spalling, but if efflorescence is proved 
to be a hazard to the structure of certain 
kinds of brick, then the wick test of 
Messrs. McBurney and Parsons will 
assume added significance. I hope that 
the investigation of efflorescent salts in 
brick will be continued until their 
influence on spalling and disintegration 
_ is definitely known. 

Mr. C. H. should 
like to ask Mr. McBurney why he 
classifies two grades between none and 
_ moderate in his standardization. 

J. W. McBurney.°—In answer 
to Mr. Carmichael’s question, the inser- 
tion of two grades between “‘none” and 
“moderate” for psychological 
reasons. ‘‘None’’ would be interpreted 
as “zero.” If there were no _ inter- 
mediate grades between “none” and 
“moderate” the tendency would be to 
report very slight and unobjectionable 
- amounts of efflorescence as “moderate” 
since obviously the efflorescence is not 
“none.” 

Mr. Palmer’s discussion is very much 
appreciated since he has clarified several 
points which warrant more attention 


rescence” is an example of such a 
clarification. 

It is of interest to note that brick 
No. 18 gave slight to moderate efflo- 
rescence in the 5-day wick test and 
slight efflorescence in the panel test, 
all of which was the green yellow scum- 
ming referred to by Mr. Palmer. This 
green yellow scumming is characteristic 


4 Manager, Atlantic Brick Co., Watertown, Mass. 
5 Senior Technologist, National Bureau of Standards, 
Washington, D. C 
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of bricks from the locality, Baltimore, 
Md., supplying brick No. 18. That Bal- 
timore in years past was the seat of a 
considerable commercial production of 
chromium ores would appear to explain 
this rather unusual type of scumming. 

Mr. Palmer very properly calls atten- 
tion to mortars as sources of soluble 
salts. At the same time that the series 
of panels discussed in the present paper 
was built, another series, using a non- 
efflorescing brick (No. 4), was con- 
structed with a series of mortars ranging 
from 1:3 lime-sand by volume to 1:0.2:3 
cement-lime-sand by volume. Panels 
built using 1:3 lime-sand and 1:2:9 
cement-lime-sand by volume and with 
“protections” 1 and 3 gave considerable 
scumming on their surfaces. This scum- 
ming was caused by calcium hydroxide 
carried to the surface and there car- 
bonated. Wilson in 1928° noted this 
type of efflorescence and explained it as 
caused by a considerable excess of water 
moving into the wall and thereby 
transporting calcium hydroxide to the 
wall surface. In commercial construc- 
tion, with a reasonable degree of protec- 
tion this does not occur. 

With reference to Mr. Connor’s dis- 
cussion, it should be remarked that 
workers at the Building Research Station 
at Watford, England, are in complete 
agreement with him, judging by their 
published papers. English investigators 
apparently pay slight attention to frost 
action as an agent of disintegration but 
do regard the action of salts as im- 
portant. Differences in climate may 
explain this difference in emphasis. It is 
probable that in the United States we 
have not paid the attention to the 
disintegrating effect of salt action that 
the subject warrants. We hope that 
some work will be done in that field. 


¢ Hewitt Wilson “Progress Report on the Efflorescence 
and Scumming of Mortar Materials,” Journal, 
Ceramic Soc., Vol. 11, No. 1, pp. 1-31 (1928). 
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In order that the facts obtained by observation and experiment may be cap- 
able of being used in furtherance of our exact and solid knowledge, they must 
be apprehended and analyzed according to some conceptions which, applied for 
this purpose, give distinct and definite results, such as can be steadily taken hold 


of, and reasoned from. 


Coal is a complex mixture of organic 
and inorganic materials. The chemical 
identity of only a few of these compo- 
nents is known. That the mixture 
must be variable in composition is 
evidenced by the wide variance of the 
properties of different coals. Because 
of the growing importance of coal in our 
civilization during the past century, as 
well as because of man’s normal curiosity 
about this natural material which is 
“all things to all men,” many methods 
of testing it have been proposed and 
tried through the years. Some of these 
have withstood the test of time and 
have become “standardized.” Practi- 
cally all of them are empirical, by which 
is meant that they do not, as a rule, 
measure properties of the sample but 
rather behavior under fixed conditions. 

Interpretation is of utmost importance 
in all experimentation. It is vital in 
the case of tests of the nature of those 
used in fuel technology. The results 
of the tests are signs; what do these sign 
show? In other words, what do the 
tests signify? What is their meaning 
from the standpoint of the utilization of 
coal? Experience and judgment play 
important roles in the interpretation 
of the results of such tests. This 


7 


_ SYMPOSIUM ON SIGNIFICANCE OF TESTS OF COAL 


INTRODUCTION 


341 = 4 
Py 


> 


Whewell 


symposium was arranged in order to 
provide an opportunity to a group of 
men of wide experience and mature 
judgment for exchange of ideas and 
complete discussion of the meaning of 
the results of tests of coal. 

The papers and discussion have now 
been assembled in one place. The 
ideas and experiences of many tech- 
nologists have been collated and are here 
presented for the benefit of all who care 
to use them. They are not beyond 
criticism. This is not the last word on 
the subject; in fact, study of the 
papers and discussion confirms the 
wisdom of Berzelius, who said, “Un- 
fortunately, the certainty of our knowl- 
edge is at so low a level that all we can 
do is to follow along the lines of greatest 
probability.” 

Much is still to be done and the 
Symposium Committee sincerely hopes 
that this pamphlet will stimulate further 
study and discussion in this very practi- 
cal field of technology. 

Symposium Committee: 
W. Gauger, Chairman 
G. B. Gould 
J. B. Morrow 
Alden H. Emery 
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A discussion of the interpretation of 
laboratory tests of coal is hedged about 
by a number of inherent limitations, 
which must be explained at the outset. 

There is great diversity in the chem- 
ical composition of the coal substance 
_ and in its mineral impurities and corre- 
spondingly in its physical and chemical] 
properties. The only comprehensible 
- approach to an understanding of such a 
material is to try to determine the sig- 
nificance of variations in each of its 
many properties, one by one. But the 
behavior of coal from a given mine is 
dependent upon the combination of all 
of its properties. Because of the condi- 
tions of geologic formation and the 
organic nature of the material itself, 
_ coals vary from one another by imper- 
ceptible gradations of the several proper- 
_ ties, and the number of combinations is 
infinite. Some of these properties vary 
_ in a known relation to each other, while 
others vary quite independently. In 
_ practice, a variation in one of two inde- 
_ pendently varying properties may either 
~ accentuate the effect of the other prop- 
erty or cancel it. 

As a practical matter, we are always 
dealing with a coal having a certain 
combination of all the known, and 
_ probably some unknown, properties. 
Nearly all interpretations of laboratory 
- coal tests are relative. It is almost 
always a matter of the performance or 
the value of one coal as compared with 
another. Seldom do two coals differ 
from each other in respect to only one 


1 President, Fuel Engineering Company of New York, 
New York City. 


INTERPRETATION OF LABORATORY COAL TESTS—PROXIMATE 
ANALYSIS AND CALORIFIC VALUE 


By G. B. Goutp! 


of their properties. Therefore, the in- 
terpretation of laboratory tests of coal 
is, in the present state of our knowledge, 
more in the nature of an art than a 
science, and is dependent, to a large 
extent, upon the experience of the 
individual. 

The interpretation of laboratory tests 
of coal is rendered still more difficult 
by the variety of conditions to which coal 
is subjected in use. Coal is burned ina 
solid fuel bed supported by a grate; it is 
burned in pulverized form in suspension; 
and it is burned partly in suspension and 
partly on a grate. It is fired either 
by hand or mechanically. Mechanical 
firing may be of the underfeed or over- 
feed type. Fuel may be introduced at 
the front of a furnace moving to the 
rear; it may be introduced at the sides, 
progressing toward the center; it may be 
introduced at the center and progress 
toward the sides. The grate may be 
either inclined or flat. The fuel bed 
may be advanced by a combination of 
mechanical agitation and gravity, or 
transported without agitation on 4 
traveling grate. 

The ratio of boiler heating surface to 
grate area varies among plants from as 
low as 30:1 to 80:1, or even higher, in 
exceptional cases. 

The rate at which coal is burned may 
be anywhere from less than 20 lb. per 
sq. ft. of grate per hour to as much as 
100 Ib. per sq. ft. The rate of burning 
may be nearly constant throughout the 
day in one plant, and in another be 
subject to frequent and_ substantial 
alteration. There is no uniformity in 
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the size of furnaces related to the rate 
at which coal is burned in them, and 
they vary greatly in the amount of 
water-cooling surface exposed to the 
fire. These variables affect the maxi- 
mum temperature to which the coal is 
subjected, and the rate of heating, both 
prior to and after it is ignited. Each 
plant, therefore, has its own individual 
combination of conditions which affect 
the behavior of coal in use. 

The interpretation of laboratory coal 
tests is a problem of relating different 
combinations of properties of coal to a 
great variety of combinations of condi- 
tions of use. With an almost infinite 
number of possible combinations on each 
side of the equation, it is more difficult 
and seemingly more inconclusive to 
discuss the subject in general terms, than 
it is to deal with an actual case in prac- 
tice. 

When applied to a given case, one is 
dealing with one ascertainable combina- 
tion of conditions of use. Starting with 
this, it is possible to simplify the prob- 
lem with some generalizations about the 
properties of coal, which are valid and 
applicable to that set of conditions. It 
becomes possible to establish for each 
plant the significance of laboratory tests 
applicable to its own equipment and 
operating conditions. 

In fact, a logical and rational approach 
to the solution of the problem would be 
to interpret the conditions of use in 
terms of coal properties, instead of 
attempting to interpret the laboratory 
tests themselves. But under present 
conditions that is possible only for an 
individual plant. A report of the Joint 
Committee on Fuel Values of the 
American Institute of Mining and Metal- 
lurgical Engineers and The American 
Society of Mechanical Engineers? con- 
tained the following paragraphs: 


* This report was filed with both societies, and printed 
in Mining and Metallurgy, July, 1936. 


GouLD ON INTERPRETATION OF LABORATORY COAL TESTS 


(3) Relative Effect of Properties of Coal 
Dependent upon Plant Characteristics.— 
The effect of variations in any one or 
combination of physical and chemical 
properties of coal is likely to be relatively 
small within limits determined by the 
physical characteristics of each plant. As 
these limits are approached or exceeded the 
adverse effect becomes rapidly more pro- 
nounced. For this reason, the relation of 
the properties of coal to the capacity at 
which a plant must be operated is often of 
paramount importance, and in general is of 
greater importance in selecting coal for 
existing plants than are variations in 
efficiency or operating cost. 

(4) Plant Characteristics of Major Im- 
portance.—The temperature of the fuel bed 
and furnace, and the rate at which coal 
must be burned per square foot of grate or 
per cubic foot of furnace constitute the 
principal factors determining the relative 
importance of the properties of coal re- 
quired for satisfactory performance. Both 
in design of new steam-generating units and 
in the selection of coal for existing plants, 
the following plant characteristics should 
be given particular attention: 

Furnace volume and design. 

Grate area. 

Water-cooling of walls and amount of 
radiant heating surface. 

Any deficiency in furnace volume or grate 
area, or in equipment for conveying, crush- 
ing, pulverizing, or feeding of fuel, tends to 
accentuate the importance of the chemical 
and physical properties of coal. 


And among the recommendations of the 
committee is the following: 


Investigation and discussion of steam- 
plant performance and data should give 
particular attention to the plant character- 
istics to which attention has been especially 
directed in (4) [quoted above] and to as 
complete description of the coal in use as 
possible, to the end that more critical data 
will be accumulated, which will relate fuel- 
bed and furnace conditions to specific 
combinations of chemical and _ physical 
properties of coal. 


This kind of data is still, for the most 
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ganized. The interpretation of labora- 
tory tests, under these conditions, must 

be in the nature of rather broad general- 

izations. Our knowledge of the chemical 
and physical properties of coal, imperfect 
as it is, is greater than the knowledge 
and understanding of the conditions of 
the use of coal. 

The several properties of coal may 
singly or in combination affect either (1) 
the efficiency of the plant, (2) its operat- 
ing cost, or (3) its maximum output; or 
any combination of them. 
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CALORIFIC VALUE 

Of all the laboratory tests applied to 
coal, the calorimetric test is the only one 
_which provides a measure of its intrinsic 
value as a fuel. The result is expressed 
_ in the United States and in Great Britain 

s “British thermal units per pound,” 
and in countries using the metric system 
as “calories per gram.” 

The British thermal unit (B.t.u.) is 
the amount of heat required to raise 1 lb. 
water 1 deg. Fahr.’ 

The B.t.u. per pound, in addition to 
being the only quantitative measure of 


relation also to the operating cost and 
maximum steam output of a plant. 
_ Variations in B.t.u. ordinarily encoun- 
tered in a given plant are of primary 
_ importance from heeer standpoint of the 


of secondary importance for their effect 
on operating cost or capacity. This 
varies greatly among plants, however, 
for in a large steam station, which is 
operating part or all of its steam generat- 
ing units at maximum capacity, coal 


3 The British thermal unit is commonly defined as 180 


of the heat required to raise 1 lb. of water from 32 to 212 F. 
No official definition of the B.t.u. has been adopted by 
any Fey or acientific body competent to do so. 

t.u. is required for all chuidien of the efficiency 
bg psc generating units, the rate of heat release, etc., 
for which reference should be made to the A.S.M.E. 


Boiler Test Codes. 
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having a lower B.t.u. value might neces- 
sitate operating more units, or result in 
failure to meet the maximum demand. 
The great majority of industrial plants 
have a margin of unused capacity which 
is greater than ordinary variations in 
B.t.u. Failure to carry the load is more 
often due to the effects of some of the 
other properties of the fuel. 

As between two coals differing in B.t.u. 
value, the one having the lower B.t.u. 
will generally tend to increase operating 
costs, because a greater quantity of 
material must be handled. The prac- 
tical financial effect depends upon the 
plant, for reasons discussed at greater 
length under the heading “Percentage of 
Ash”’ below. 

The number of B.t.u. per pound of coal 
is commonly expressed either as B.t.u. 
dry or B.t.u. “as received,” the latter 
indicating the B.t.u. for the coal in its 
moist state. Similarly, phrases such as 
“as sampled,” or “as fired,” have the 
same significance. 

“B.t.u. as received” represents the 
energy value of the coal as it is received 
at the laboratory, always containing a 
certain amount of moisture. If care has 
been taken to preserve the sample in an 
air-tight container, between the time the 
sample is taken and the time it is deliv- 
ered to the laboratory, this is the figure 
which most nearly represents the B.t.u. 
value of the coal as it is used. Because 
of the instability of the moisture content, 
the significance of the “B.t.u. as re- 
ceived” is more particularly discussed 
under the heading of “‘Moisture”’ below. 

The B.t.u. determination in the calo- 
rimeter is commonly made with a 
sample which has been air dried, the 
moisture content of which is reasonably 
stable. The B.t.u. value is then cor- 
rected for the moisture in the sample at 
the time the calorimetric determination 


is made to derive the “B.t.u. per pound 
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ces- dry.”* Absolutely dry coal does not of Typical Coals of the United States,” 
t in exist in actual use up to the time coal is _ by Fieldner, Selvig and Frederic.® 
ind. fired. The “B.t.u. dry” is, however, a It will be seen that the B.t.u. value, 
nts convenient term for comparison of volatile matter, fixed carbon and mois- 
uich values among coals of the same kind ture are all interrelated. Since the 
> in and size, in order to eliminate the in- percentages of fixed carbon anc volatile 
lore fluence of accidental variations in mois- matter in pure coal are complements of 
the ture which result from variations in each other, reference here is made only 
weather conditions during shipment or _ to the percentage of volatile matter. 
tu. storage. The B.t.u. values plotted on the chart 
tu. It is desirable to understand, in a_ are for coal containing the natural bed 
‘ing 
of 17 000 
rac- | Gap between 
th nnsylvarna Anthracite 
16 000 Neighboring Bituminous 
ter 
its = High Volatile B 
% 13000 
= 
2 12000 S$ 
x 
ved BS 
ga 11 000 
has Anthra-\ Sem'- Low Medium 
cite \Anthra-| Volatile Volatile High Volatile Bituminous 
5 0 2 22 30 35 40 45 50. 
iv- 
Volatile Matter, Ory, Mineral Matter Free Basis, per cent 
ru. Fic. 1.—Classification of Coals of the United States by Rank. 
use 
nt, general way, the relation which exists moisture, which is considered as an 
re- between the B.t.u. and the rank of a inherent and inseparable constituent of 
ed coal, even though the B.t.u. per pound of _ the coal, but excluding by mathematical 
yw. “pure” coal, which is a theoretical approximation® the mineral matter. 
lo- abstraction, has no direct application As the percentage of volatile matter 
a in the interpretation of a coalanalysisfor rises, the B.t.u. per pound of pure coal 
he practical purposes. first rises and then declines. Up to 
nly Figure 1 is a simplified graphic general- about 35 per cent volatile matter (dry, 
or- ation of the data shown in Figs. 1 and 
at 2 of the report on “Classification Chart 5 Report of Investigations No. 3296, U.S. Bureau of Mines, 
December, 1935. : 
ion nei _ ®For approximation formula see Tentative Specifica- 
tions for Classification of Coals by Rank (D 388 36 T), 
nd ‘The B.t.u. dry is derived by the following formula: Proceedings, Am. Soc. Testing Mats., Vol. 36, Part I, 
as received X 100 _ Ren & 812 (1936); also 1936 Book of A.S.T.M. Tentative 
100 — per cent of moisture Standards, p. 520. 
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mineral matter free basis), variations in 
the natural bed moisture are small, and 
the percentage of volatile matter is the 
primary indication of rank, and corre- 
spondingly of the range of B.t.u. per 
pound of pure coal. From about 35 
per cent volatile matter upward, the 
amount of natural bed moisture increases 
substantially, becomes a significant indi- 
cator of rank, and correspondingly 
reduces the B.t.u. value. The reason 
the B.t.u. value is related to the percent- 
age of volatile matter is that while the 
B.t.u. value per pound of fixed carbon 
remains constant, that of the volatile 
matter varies considerably according to 
its composition. 

In general, the coal from a given mine 
has a characteristic B.t.u. value for the 
pure coal, but there are differences 
among the sizes, especially the very 
small sizes, from the same mine. This 
is due to the fact that the coal itself is 
not a homogeneous material, but a 
combination of materials which differ 
among themselves in hardness and other 
physical and chemical properties. The 
result is that the smaller sizes may 
contain a disproportionate share of the 
more friable material, notably fusain, 
which is relatively low in B.t.u. value. 

From a geographical standpoint, the 
lowest percentage of volatile matter is 
found in the most easterly of our coal 
beds, and rises westward to the Missis- 
sippi River. Beyond the Mississippi, 
coals having a wide range of volatile 
matter are found in close geographical 
proximity, notably in Oklahoma, Arkan- 
sas, Colorado, and Washington. In 
the East, there is a gap between the 
semi-anthracite and the lowest volatile 
bituminous coal, from about 11 per cent 
volatile matter (dry, mineral matter free 
basis) to about 14 per cent. Otherwise 
the progression from low to high volatile 
is continuous. 

The B.t.u. is a primary factor in coal 
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valuation, for it is the measure of the 
total amount of energy in the coal. 
The proportion of this total energy which 
is recovered in a given plant under a 
given set of operating conditions, and 
the operating cost incident to the con- 
version are affected, favorably or un- 
favorably, by variations in the chemical 
and physical properties which are dis- 
closed by other laboratory tests. In 
other words, the B.t.u. is the only posi- 
tive measure of the value of coal as a 
fuel, while the other laboratory tests are 
negative indications, of varying degrees 
of importance, depending upon the con- 
ditions of use. 


MOISTURE 


Moisture must be considered both for 
its effect on plant performance and for 
its relation to other measurements and 
calculations. 

Moisture is inherent in the coal 
structure, but it may be increased by 
seepage in the mine, and between the 
time the coal is removed from the seam 
and its use, moisture may be added in 
the process of cleaning, or by rainfall or 
snowfall while the coal is in transit or 
storage. Moisture may also be lost to 
the atmosphere, and in the case of 
excessive amounts, by drainage during 
transportation or storage. ‘The moisture 
content of coal, therefore, may change in 
either direction at any time, depending 
upon the conditions to which the coal is 
subjected. 

Moisture in coal affects the efficiency 
of a steam-generating unit directly, 
only to the slight extent of the heat 
content of the steam resulting from its 
evaporation, at the temperature of the 
flue gases at the exit of the steam- 
generating unit. This loss is approxi- 
mately 0.1 per cent of efficiency for each 
1 per cent of moisture in the coal. 

High surface moisture, that is, mois- 
ture mechanically retained on the surface 
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of the coal particles or between them, 
adversely affects the performance of 
some pulverizers. The effect is chiefly 
one of reducing the capacity of the 
pulverizer, and its importance in a given 
case depends upon whether or not the 
required output is close to the maximum 
capacity of the pulverizer. 

While the precise effect is a matter of 
speculation, it is known that the addi- 
tion of surface moisture to coking coals 
before firing has a distinctly beneficial 
effect on the structure of the fuel bed, 
particularly in the absence of mechanical 
agitation, as in the case of the chain 
grate. Observations in practice indi- 
cate higher efficiency, resulting from the 
greater uniformity and porosity of the 
fuel bed, and an increase in the rate of 
ignition. 

High surface moisture, on the other 
hand, may adversely affect the flow of 
coal in bunkers, spouts, and other con- 
veying devices, depending upon their 
design, and because of freezing, accen- 
tuates difficulties in unloading or recover- 
ing coal from storage in sections where 
low temperatures are encountered. 

The capacity of a coal to retain surface 
moisture is chiefly determined by the 
size of the pieces and the uniformity of 
size. For example, it is a matter of 
common observation that the amount of 
moisture which will be normally retained 
by the several commercial sizes of an- 
thracite rises as the size diminishes. 
This kind of coal has a rather high order 
of size stability, is quite uniform in size, 
and in a well-prepared product contains 
not over 15 per cent of smaller sizes, 
with a minimum percentage of dust. 

Bituminous coal, however, differs 
among producing areas and among 
mines in size stability, and the great 
bulk of it which is used in steam plants 
contains a relatively wide range of sizes. 
Much of this coal, known as slack or 
nut-and-slack, contains everything which 


passes a screen of given size. The 
capacity of such coal to retain surface 
moisture, because of the assortment of 
sizes, is greater, but it also offers greater 
resistance to the penetration of moisture 
while in transit or in storage. When 
such coal is rehandled during a heavy 
rain it may pick up a comparatively 
large amount of water, which it will 
then stubbornly retain during subse- 
quent storage. 

High surface moisture in combination 
with sulfur promotes corrosion of all 
metal surfaces with which the coal comes 
in contact during transportation or 
storage. 

Because of the instability of moisture, 
the interpretation of the laboratory 
determination must take into considera- 
tion the time when the sample was 
taken and the handling of the sample 
up to the time it reaches the laboratory. 
If the percentage of moisture in the coal 
at the time of sampling has a significant 
relation to any subsequent calculation, 
the sample should be placed immediately 
in a sealed container. 

When the weight of coal enters into a 
calculation, maximum accuracy requires 
a determination of the percentage of 
moisture present at the time of weighing. 
This is frequently impracticable or the 
error involved does not justify the 
practice, but the principle should be 
understood. 

It is common commercial practice to 
ignore the percentage of moisture in the 
coal at the time railroad car weights are 
determined. Whatever the moisture 
content is at that time, it is billed to the 
buyer as coal.’ The variation in mois- 
ture content among coals of similar kind 
and size is not usually of sufficient 
magnitude to justify the expense of its 
determination at the scales as a basis for 
relative valuation of two or more coals. 


7 An exception to this is found in the arbitrary allow- 
ances for moisture in weighing anthracite at the mines. 
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The use of water-cleaning may add to 
the moisture content of a coal, but 
methods are in use to dewater the coal 
after cleaning. The buyer can judge 
of the percentage of moisture at railroad 
-_ only by the moisture content 
found in the coal at the time of arrival. 

: If comparison is to be made between 
| two coals on the as-received basis, such a 
comparison should be based only on 
laboratory tests covering shipments over 
a long enough period to eliminate the 

; vagaries of weather as a factor. There 
: _is an observable seasonal variation in the 
; ‘percentage of moisture in coal at the 
_ point of delivery, reaching a maximum 


in midwinter and the minimum in mid- 
_ summer. Individual shipments will vary 
according to the weather during ship- 
ment. 

Additions to or losses from the amount 

_ of moisture present at the time bill-of- 

lading weights are determined do not 

_ affect the validity of those weights for 

_ billing purposes, because these changes, 

while they increase or decrease the 

; weight finally received, do not change 

the total energy value of the shipment. 

If coal is paid for on the basis of 

weights at the time of delivery, as in the 

— case of truck deliveries from a yard, the 

moisture can be more easily determined, 

_ but only the amount of moisture present 

at the time of weighing affects the total 
energy value paid for. 

Coal is also weighed at, or just prior to, 
the time of firing, for the purpose of 
determining the performance of the 

Steam generating unit. Calculation of 
_ efficiency, based on these weights, re- 
quires determination of the percentage 
_of moisture present at the time of weigh- 
ing. Ifasample taken prior to or some 

time after the coal is weighed shows a 
_ lower percentage of moisture than the 
coal contained at the time of weighing, 
then when the results of the laboratory 
= are combined with the observed 
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weight, the apparent total energy input 
will be greater than the actual energy 
input. And, of course, the converse is 
likewise true. 

It is obvious that as moisture is in- 
creased or decreased, there will be a 
proportionate decrease or increase in 
the B.t.u.’s per pound as received, but 
there will be no change in the total 
number of B.t.u.’s. 

This inherent instability in the mois- 
ture content of coal introduces a practi- 
cally inescapable probable error in 
calculations of steam-plant performance 
of at least + 1 per cent, and in many 
cases twice as much, unless the moisture 
is determined from samples taken and 
sealed at the time the coal is weighed 
to the boilers. Comparative figures for 
continuous operation of a given plant 
are not so seriously affected. The 
important thing to understand is that 
accuracy requires that sampling must 
be timed according to the use which is 
to be made of the resulting laboratory 
test, if the weight of the coal enters into 
the calculations. 


PERCENTAGE OF ASH 


Ash is the incombustible mineral mate- 
rial which remains after coal has been 
burned. It is not identical with the ma- 
terial commonly referred to as “ashes,” 
which are removed from the furnace in 
commercial use, and which invariably 
contain varying proportions of unburned 
coal. 

It is difficult to separate in one’s mind 
the effect of ash in coal as a material to 
be handled, from its effect in diminishing 
the B.t.u. per pound of a coal as its 
percentage increases. Obviously, as the 
proportion of ash increases, the propor- 
tion of heat-producing material de- 
creases, and the B.t.u. per pound of a 
given coal diminishes proportionately. 
The effect of lower or higher B.t.u. on 
plant performance should properly be 
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considered under the heading of B.t.u., 
recognizing, of course, that a lower 
B.t.u. value is coincident with a higher 
percentage of ash in coal of the same 
rank. It should be pointed out that of 
two bituminous coals having the same 
B.t.u. value, the coal of lower rank, in 
general, will have the lower percentage 
of ash. Or to put it another way, a 
high-rank bituminous coal may have a 
higher percentage of ash than a low-rank 
coal, and still equal it in B.t.u. value. 
The reason, of course, is that the high- 
rank bituminous coal has a_ higher 
B.t.u. value per pound of pure coal. 

What follows has to do with the effect 
of ash as a material which must be 
handled before and after the combustion 
process, and which affects the process 
itself. ‘These effects are numerous, and 
will vary in importance according to the 
type of plant and the conditions of its 
operation, and the range of ash per- 
centage under consideration. They are 
well summarized in the report of the 
Joint Committee on Fuel Values of the 
American Institute of Mining and Metal- 
lurgical Engineers and The American 
Society of Mechanical Engineers as 
follows: 


Ash.—Adverse effect on efficiency is 
found chiefly in case of solid fuel beds, 
resulting from entrainment of carbon by the 
ash, but in all plants ash may affect effi- 
ciency by fouling of heating surfaces. High 
ash, owing to the additional bulk of material 
that must be handled to deliver a given 
number of B.t.u., reduces the capacity of 
all fuel- and ash-handling and fuel-burning 
equipment. (This general statement needs 
to be slightly modified when one of two 
coals has a substantially higher ash- and 
moisture-free B.t.u. value than the other, 
in which case the coal having the higher 
B.t.u. may have the same or slightly higher 
percentage of ash, but results in a smaller 
quantity of ash to be handled per unit of 
steam generated, at the same efficiency.) 
Capacity may also be reduced as a result of 
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fouling of heating surfaces, or reducing 
available draft, or indirectly by reducing 
efficiency. 

Operating costs are also influenced by the 
percentage of ash, because of additional 
quantities of fuel and refuse to be handled 
and disposed of; erosion by fly ash of 
equipment between the furnace and the 
stack, increased cost of power and main- 
tenance of pulverizers, and increased cost 
of cleaning. 


How widely the effect of the percent- 
age of ash may vary among plants, from 
the standpoint of the amount of material 
to be handled, can be seen by an illustra- 
tion. Asmall plant requires the services 
of one man to handle both coal and 
ashes, and he has plenty of time. A 
larger quantity of ash to handle does 
not increase the cost of ash handling, 
until it reaches the point where addi- 
tional labor is required. A_ smaller 
quantity does not reduce the handling 
costs, because no reduction in labor is 
possible. In addition, this plant may 
be so located that its ashes can be sold, 
or possibly used for fill which otherwise 
would have to be purchased. On the 
other hand, a larger plant has more 
chance of varying its labor force accord- 
ing to the amount of material to be 
handled, and such mechanical ash- 
handling equipment as it has may be 
close to its capacity limit, with a low-ash 
coal. In addition, the plant may be so 
located that the ashes have to be carted a 
considerable distance to be finally dis- 
posed of. In sucha plant, the operating 
costs will be directly affected to a 
noticeable extent by an increase or 
decrease in the percentage of ash. 

The percentage of ash has a much 
more pronounced relative effect on the 
amount of refuse to be handled than 
upon the amount of coal which must be 
used. For example, if one coal contains 
5 per cent of ash, and another coal 10 
per cent, the use of the latter coal will 
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involve the handling and disposal of 
more than twice as much refuse, while 
the amount of coal required will be only 
_ 5 per cent greater, assuming that other 
factors remain constant. In very small 
plants, there is the tendency sometimes 
to jump to the conclusion that twice as 
much ash to remove means twice as 
much coal consumed. This is not true 
_ if the increase is caused solely by a higher 
percentage of ash in the coal. 


75 


Loss, per cent 


6 8 . 12 14 
Ash in Coal, per cent 


Fic. 2.—Relation of Ash and Coal to Loss in 
Refuse. Low-volatile bituminous coal. 


Likewise, the effect in the fuel bed 
itself is not proportional to the amount 
of coal being consumed in a given time, 


: but more nearly to the amount of incom- 
_bustible material present. As between a 
5 per cent ash coal and one having 10 
: per cent ash, the amount of incombus- 


tible material present on the grate will 
_ be at least double in the latter case. If 
_ ¢linkers are being formed, or likely to be 
formed in a given case, and if the fusing 
temperature of the ash of the two coals 


is the same and other factors remain 
constant, it is obviously an important 
fact that with the 10 per cent ash coal 
there is present at least twice as much 
material out of which clinkers may be 
formed. 

There is one adverse effect of ash on 
the efficiency of a steam-generating unit 
which appears to be universal for all 
plants burning coal in a solid fuel bed. 
That is the inevitable entrainment of 
some unburned coal. The amount of 
this entrainment is determined, to a 
large extent, by the kind of grates, the 
type of stoker, and the rate of com- 
bustion, but in a given case, these factors 
remaining constant, the loss due to 
unburned coal in the refuse is probably 
proportional to the percentage of ash. 
I say “probably” because the variation 
in this loss due to this cause is of such a 
low order of magnitude that it is less 
than the probable error in determining 
the efficiency of a steam-generating unit. 

Data derived from ‘A Study of Four 
Hundred Steaming Tests’® conducted 
by the U. S. Geological Survey in 1904 
to 1906 indicates that the drop in effi- 
ciency of boiler and furnace is approxi- 
mately 0.20 per cent for each 1.0 per cent 
increase in percentage of ash. These 
tests were all conducted with hand-fired 
boilers, operating at what would be 
considered low rates of combustion 
today. Somewhat similar conclusions 
were reached from a more recent series 
of tests on chain-grate stokers, con- 
ducted by B. M. Thornton, of the 
Imperial Chemical Industries, Ltd., in 
England. 

Referring to Thornton’s tests, E. S. 
Grumell said: 


* Lester P. Breckenridge, “A Study of Four Hundred 
Steaming Tests,” Bulletin 325, U. S. Geological Survey 
(1904-1906). 

9E. S. Grumell, “The Evaluation of Fuel from the 
Consumers’ Viewpoint,” Journal, Inst. of Fuel, August 
1932, p. 361. 
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Owing to some special features, Thorn- 
ton’s figures are on the low side and it would 
be safer to assume that without certain 
precautions the efficiency decreases by 
one-third of 1 per cent for each increase of 
1 per cent in ash content. In certain cases, 
for instance, when the loss of carbon in 
ashes is not carefully controlled, and where 
the coal is of such poor quality that ap- 
preciably greater draught is required to 
maintain output, the effect on the efficiency 
may be somewhat greater, but the fact 
that results of independent studies of the 
effect of ash on efficiency give such closely 
agreeing results indicates that, as a gen- 
eralisation, it may be accepted without 
running the risk of serious errors. 


Because of the small variation in 
efficiency which is involved, a clearer 
and possibly a more accurate under- 
standing of the relation between per- 
centage of ash and efficiency can be 
obtained by a process of deduction. 
Within the range of percentage of ash 
ordinarily encountered in coals of mer- 
chantable quality, the percentage of 
combustible in the refuse for a given 
plant and rate of burning seems to be 
practically constant, regardless of the 
percentage of ash; or if it increases with 
the percentage of ash, it is by an amount 
which is not significant. 

Taking a percentage of unburned 
combustible in the refuse which is found 
to be characteristic of a given plant, it is 
possible to calculate the resulting heat 
loss.° An increase of 1 per cent in this 
loss reduces the efficiency by 1 per cent. 
Such a calculation is represented graphi- 
cally in Fig. 2 for refuse containing in 
one case 20 per cent of unburned com- 
bustible, and in the other case 40 per 
cent, for a typical high-rank low-volatile 
eastern bituminous coal. The rate of 
increase in the loss due to unburned 
combustible, when the percentage in 
the refuse is 20 per cent, will be seen to 
be approximately 0.3 per cent for each 
1.0 per cent of ash. When the percent- 


_ ™For this formula, see A.S.M.E. Boiler Test Code. 
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age of unburned combustible in the 
refuse is 40 per cent, the rate of increase 
in the loss due to unburned combustible 
is approximately 0.75 per cent for each 
1.0 per cent of ash. This is the theo- 
retical relationship which can be ex- 
pected in practice up to the point where 
the percentage of ash becomes so high 
that it seriously interferes with the 
distribution of air throughout the fuel 
bed. Typical performance will usually 
fall somewhere between these two limits. 
The rates indicated by these calculations 
are somewhat higher than the deductions 
made from the observed data in the two 
series of tests, mentioned above, but in 
both series of tests there was the pos- 
sibility of a counterbalancing effect of 
other factors. 

This relationship refers only to the 
effect of ash through entrainment of 
unburned fuel. It does not mean that 
of two coals differing in percentage of 
ash, as well as in other properties, the 
efficiency of the steam generating unit 
will necessarily be lower with the coal 
having the higher percentage of ash. It 
is not uncommon in practice that a coal 
having a higher percentage of ash more 
than compensates for a higher loss due 
to unburned combustible in the refuse, 
by other properties such as size or coking 
characteristics, which are favorable to a 
lower dry flue gas loss. 

Size and coking characteristics are 
beyond the scope of this paper but are 
mentioned in this connection because of 
their possibly modifying effect and as an 
illustration of the general fact, stated 
earlier, that in actual practice the inter- 
pretation of a coal analysis is a matter of 
judging the effect of a certain combina- 
tion of all the properties of coal. 


PERCENTAGE OF VOLATILE MATTER AND 
FIXED CARBON 

Small differences in the percentage of 

volatile matter are usually of little 

significance in practice, and such rela- 
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tion as there is to plant requirements and 
_ plant performance is strictly relative to 
the particular plant. 

Pure coal (moisture and mineral 
matter free) is empirically divided 
between volatile matter and fixed car- 
bon. ‘The percentage of volatile matter, 
which comprises one of the items in the 
proximate analysis, is obtained by heat- 
ing the coal at 950 C. for 7 min." 

That portion of the coal which is 
driven off as a gas by this treatment is 
considered the volatile matter. The 
remaining material, exclusive of moisture 
and mineral matter, is considered to be 
the fixed carbon. This is a laboratory 
method for distinguishing between that 
part of the coal which is burned as a gas, 
and that part which is burned as a 
solid. 

As a practical matter, coal constitutes 
a mixture of fuels, each one having dis- 
tinct chemical and physical properties. 
The proportions of gaseous and solid 
fuel vary over a wide range, from an- 
thracite, which contains the lowest 
percentage of volatile matter, through 
the various ranks of bituminous coal to 
lignite and finally peat. All methods of 
burning coal constitute a two-stage 
process, more readily recognized when 
coal is burned on a grate, in which case 
the volatile matter is expelled and 
burned rapidly (if at all) above the fuel 
bed, while the remaining solid fuel is 
burned more slowly, usually in the form 
of coke, except in the case of anthra- 
cite. 

“When the volatile matter in coal is 
not properly and intimately mixed with 
oxygen, the hydrocarbon molecule is 
‘cracked’ into carbon and hydrogen, the 
latter burning to water while the former 
passes through the boiler and up the 
stack. This form of solid carbon is so 


4 See Standard Methods of Laboratory Sampling and 
wt sis of Coal and Coke (D 271 — 33), 1936 Book of 

SEM. Standards, Part II, p. 387. For sub-bituminous 
ltenite and peat the prescribed time of heating is 6 min. 
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finely divided that it becomes classified 
definitely as a ‘smoke.’ This is ‘carbon 
black’ and curiously enough it is prac- 
tically non-combustible, except under 
favorable circumstances, such as high 
temperature and an atmosphere rich in 
oxygen. Most of us are acquainted 
with this form of carbon from its collec- 
tion in the cylinders and on the valves of 
our automobiles.”’” 

Such laboratory experiments as have 
been reported indicate that when coals 
are burned under controlled laboratory 
conditions, the amount of smoke is 
proportional to the percentage of vola- 
tile matter.” 

The method of burning coal on a grate 
is obviously better adapted to the effi- 
cient combustion of the solid portion, 
which is mechanically supported for a 
sufficient time to effect almost complete 
combustion, under conditions which 
permit the regulation of the air supply 
to the rate of burning and the thickness 
of the fuel bed. The volatile matter, 
however, is released in an atmosphere 
deficient in oxygen, which needs to be 
supplemented by the introduction of air 
above the fuel bed. Its combustion 
must be effected quickly, or not at all; 
consequently, conditions which favor its 
combustion include a furnace large 
enough to permit thorough mixing with 
air and time enough for combustion 
before it reaches the colder parts of the 
furnace and boiler passes, provision for 
the introduction of air in quantities and 
at the places where it is needed, and a 
relatively high furnace temperature. 
None of these conditions, except the 
supply of air, is necessarily a requisite 
for burning the solid portion of the fuel. 

It follows, therefore, that in the grad- 
ual evolution of the coal-fired boiler, 
many furnaces were designed and in- 


12 Douglas Henderson, “Of These Two Which Is Smoke,” 
Power 1932. 
Pilinois logical Survey—RI 41, Part Il. 
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stalled and are still in service, which 
provide insufficient space and inadequate 
means of introducing properly distrib- 
uted over-fire air. Many of these 
plants are also operated at low-combus- 
tion rates with correspondingly low 
furnace temperatures, with the result 
that a considerable portion of the volatile 
matter escapes unburned. This causes 
some loss of heat which would otherwise 
have been extracted, and the emission 
of smoke. In such plants, the percent- 
age of volatile matter is a consideration 
of major importance in coal selection, 
the degree of importance depending upon 
the design and operating conditions of 
the particular plant, and the desirability 
of avoiding smoke. 

The proportion of total heat value 
contributed by the volatile matter in 
bituminous coals will range from about 
25 to 40 per cent. Since the heat 
produced by the volatile matter is 


_ quickly available, the higher volatile 


coals are generally considered more 
“flashy” and better adapted to meeting 
sudden increases in load. Other proper- 
ties of coal, however, such as the coking 
characteristics, as they affect the poros- 
ity of the fuel bed, the size of the coal, 
and the ignition temperature of the solid 
part of the fuel, also affect this adapt- 
ability to sudden demand. 

When coal is burned in pulverized 
form, in suspension, the volatile matter 
is released more rapidly in an atmosphere 
still rich in oxygen, mixes with it quickly 
by diffusion, and the furnace tempera- 
ture is higher than is found in a great 
majority of hand-fired or stoker-fired 
furnaces. The combination of condi- 
tions is very well adapted to the combus- 
tion of the volatile matter. Pulverized 
coal burning plants, therefore, do not 
ordinarily produce true smoke, such as 
is produced by other kinds of plants, but 
tather a dust consisting of particles 
which, though they appear very small 


to the eye, are actually very much larger 
in size than those produced from the 
volatile matter. “When the particles 
are coarse and, on account of their size, 
fall freely under gravity, the condition is 
called a ‘dust.’ If the particles are 
small enough to fall slowly at a constant 
velocity, it is known as a ‘cloud.’ 
When, however, the particles are so ex- 
tremely small that they show no signs 
of settling, but are driven about by the 
bombardment of the gas molecules, a 
condition exists called a ‘smoke’.’’™4 

In a pulverized-coal furnace the solid 
portion of the coal, now in the form of 
finely divided particles which are natu- 
rally slower to burn, must be permitted 
sufficient time to burn, and must be 
kept in contact with a steadily renewing 
supply of air in the presence of a high 
temperature, or it will escape unburned. 
Thus, in the pulverized coal burning 
plant, the more difficult stage of the two- 
stage process is to burn completely the 
solid portion of coal. The heat rapidly 
released in the combustion of the vola- 
tile matter aids in the ignition of the 
solid, or fixed carbon. 

Consequently, viewed solely from the 
standpoint of the percentage of volatile 
matter, those coals having the higher 
percentage of volatile matter are better 
adapted to burning in pulverized form.” 
Other properties of coal which vary 
independently of the volatile, such as 
grindability, percentage of moisture, and 
the coking or non-coking nature of the 
coal, also affect its adaptibility to pul- 
verizer service, and in particular cases 
may substantially modify the broad 
generalization in favor of higher vola- 
tile. 

The 


4 W. E. Gibbs, “Some Factors Affecting the Problem 
of Smoke Prevention,” Journal, Inst. of Fuel, June, 1930. 

15 For more complete discussion of this point, see two 
articles by Douglas Henderson, “(How Pulverized - Coal 
Burns, as Shown by the Microscope,”’ Power, July 28, 1931; 
and “Diffusion as a Factor in Burning Pulverized Coal,’’ 
Power, February 17, 1931. 


percentage of volatile matter 


ified 
rbon 
yrac- 
nder 
high 
in 
nted 
llec- 
es of 
have | 
coals 
tory 
e is 
vola- 
rate 
effi- 
tion, 
or a 
plete 
hich 
pply 
tter, 
here 
o be 
f air 
stion 
all; 
yr its 
large 
with 
stion 
the 
1 for 
and 
nd a 
ture. 
the 


| 


— 
. > 


serves a very useful purpose, because in 
combination with other determinations 
it identifies a coal with a certain section 
of the coal fields, a group of mines, a 
seam or its rank.'® 

In ordinary commercial practice the 
percentage of fixed carbon carries no 
direct significance of its own. Being 
essentially the complement of the per- 
centage of volatile matter, the mental 
concept of the nature of a coal, derived 
from the other items of the analysis, is 
not augmented by the percentage of 
fixed carbon, and no conclusion arrived 
at without it would be modified by its 
inclusion. 


UNIFORMITY 


A discussion of the interpretation of 
coal analyses would be incomplete with- 
out some reference to the importance of 
uniformity of the properties of coal 
produced by a particular mine, or group 
of mines, contributing to a single com- 
mercial product. 

If any of the properties of coal are of 
substantial importance to the satis- 
factory performance of a given plant, 
the degree of uniformity of those proper- 
ties is; in itself, a characteristic of the 
fuel which must be considered. Exces- 
sive variability in any of these properties 
tends to reduce the efficiency of a plant, 
because of the necessity for frequent 
adjustment of combustion conditions. 
The maximum assured capacity of a 
plant can be no greater than that which 
corresponds to the greatest adverse 
deviation of any one of those properties 
which happen to be of primary impor- 
tance in that plant. 


‘TOLERANCES IN THE INTERPRETATION OF 
LABORATORY CoAL TESTS 


The interpretation of laboratory coal 
tests requires an understanding of the 
variations which occur, and their causes. 


16 As to rank, see above under B.t.u. = 
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This is particularly important in all 
commercial transactions and for engi- 
neering calculations which are based on 
laboratory tests. 

Coal is a heterogeneous material, a 
mixture of pure coal and various mineral 
impurities. Some of these impurities are 
intimately associated with the coal, and 
some of them are free impurities which 
become mixed with the coal in the 
process of mining. The free impurities 
are seldom distributed uniformly 
throughout any particular lot of coal. 
The quantity of them in the product 
of any mine varies from day to day, 
from week to week, or from month to 
month. Individual coals differ in the 
amount of the impurities, in the propor- 
tions of inherent and free mineral matter, 
and in the uniformity of their distribu- 
tion. 

In sampling and testing such material, 
it is inevitable that there will be varia- 
tions among the results, from car to 
car, from day to day, and even among 
samples taken from the same lot. Some 
of these variations arise from the diff- 
culties of sampling, and some from the 
actual variations in the material itself. 

Extensive statistical studies of the 
results of laboratory coal tests, both in 
this country and in England,'’ show that 
each coal has a characteristic deviation 
from its own average which is deter- 
mined by its physical properties and by 
the conditions of its production and 
preparation for market. These factors 
can be summarized briefly, as follows: 

1. Percentage of ash in the coal, 

2. Size, 


17 See E. S. Grumell and A. C. Dunningham, “Sampling 
of Small Fuel up to 3 in.,” No. 403, British Engineering 
Standards Assn., and J. B. Morrow and C. P. Proctor, 
“Variables in Coal Sampling,” Technical Publication No 
645, Am. Inst. Mining and Metallurgical Engrs. Most of 
the statements in this section, based on statistical studies 
of tests taken from the records of the Fuel Engineering 
Company of New York are in substantial agreement with 
these os reports, and repeated detailed references *" 
omitted. 
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3. Ratio of free impurities to total 
impurities, 
4. Nature of the free impurities, 
5. Methods of mining, loading, and 
preparation, 
6. Shipment from two or more mines 
as a single commercial product. 
There seems to be what can be called 
a normal relationship between the per- 
centage of ash and the deviations from 
the average of any particular coal, 
which applies to the majority of Ameri- 
can bituminous coals in the small sizes 
ordinarily used for steam generation. 


coals, and 3 anthracites. (The prob- 
able error is the deviation from the aver- 
age of each coal, above and below which 
an equal number of tests may be ex- 
pected to fall.'*) 

The curve marked “Normal for Bitu- 
minous—Small Sizes,” is based on the 
deviation of 20 to 40 individual samples 
from their respective averages, taken 
from the records of the Fuel Engineering 
Company of New York. The points 
represent what may be termed the char- 
acteristic error of each of the 25 bitu- 
minous coals. These coals were selected 
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Any substantial divergence from this 
norm can usually be traced to the effect 
of some one of the other factors. While 
not as much work has been done onthe 
variations in other laboratory deter- 
minations, it is probable that the sta- 
tistical relationship will be similar to 
those found for the percentage of ash, 
which represents the principal impurity 
in coal. 

Figure 3 illustrates the effect of some 
of these factors, showing the relation 
between the percentage of ash, and the 


_ beobable error for each of 25 bituminous 


100 140 160 180 
Probable Error (Based on Averages of 20 to40 Samples of each Coal) 
Fic. 3.—Relation of Probable Error of Individual Samples to Percentage of Ash. 


(Fuel En- 


at random from the more important 
coal-producing areas in Pennsylvania, 
West Virginia, Kentucky, and Illinois. 
Five points are distinctively designated. 
Four of these are for coals which are 


18 The word “error” has an unfortunate and misleading 
connotation in this connection, at least to the layman, to 
whom the word usually implies a preventable inaccuracy. 
It is a deviation from the average, due to the nature of the 
material, which is not preventable, and apparently capable 
of only slight modification within the limits of sampli 

methods which are practicable in ordinary commercia’ 
usage and which are economically appropriate to the value 
of the commodity. There is no way 0 telling how much 
of it is, strictly speaking, “error,” and how much is a 
reflection of actual variations in the material itself. The 
characteristic error of a coal is one of its properties with 
respect to which it differs from other coals, and represents a 
factor which needs to be taken into consideration in the 
interpretation of laboratory tests. 
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produced from two or more mines, but 

in each case shipped as a single commer- 
cial product. The fifth, which falls 
at the insertion of 6.9 per cent and a 
probable error of 0.70, represents a 1 by 
 2-in. nut coal of hard structure, from 
eastern Kentucky. The divergence of 
the probable error from the norm, in 
the case of the four coals shipped from 
groups of mines, is undoubtedly due to 
that fact, and cannot be reduced by 
sampling procedure. The error for the 
1 by 2-in. nut coal is probably due to a 
failure to reduce the size of the coal 


bituminous coal having the same per- 
centage of ash. This is to be expected 
because of the combination of a small 
and uniform size and the exclusion of a 
large part of the free impurities by 
cleaning. 

The samples on which the Fuel Engi- 
neering Company records are based were 
taken, for the most part, by ordinary 
boiler-room employees in a great num- 
ber of industrial and public utility plants. 
These tests represent the result of in- 
structed, but not supervised, sampling 
by men who have no special knowledge 
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sufficiently as the samples were reduced, 
but it may also reflect an uneven distri- 
bution of free impurities, which is more 
likely to occur in coal of this size and 
structure. 

Similar points are plotted for the prod- 
uct of three collieries producing me- 
chanically cleaned No. 3 buckwheat 
(barley) anthracite. While the num- 
ber of points plotted is not enough to 
be conclusive, they suggest a distinctive 
relationship between percentage of ash 
and the probable error, indicating a 
definitely lower error than is found for 
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Probable Error 


J 
in Fic. 4.—Relation of Probable Error to Percentage of Ash. ; 


Car samples, bituminous, 2 in., and smaller. Data from paper 
- from Morrow and Proctor. 
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of the theory of sampling and, most of 
them, lacking in any scientific training. 
The value of these data lies in their re- 
flection of the deviations to be expected 
from ordinary commercial sampling. 
The relation between percentage of 
ash and probable error for British coals, 
found by Grumell and Dunningham, is 
also shown in Fig. 3 for reference. Iam 
informed that British bituminous coals 
generally contain a larger proportion of 
the ash in the form of free impurities, 
which would account for the somewhat 
larger deviation which they find for 
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the lower ash coals. Their curve inter- 
sects ours in the neighborhood of 13 
per cent ash, at which point, it may be 
assumed, the proportion of free impuri- 
ties in our coals approximates that of 
the British coals. 

Figure 4 has been constructed from 
data in Morrow and Proctor’s paper, for 
minus 2-inch coal and smaller. There 
is this difference between their data and 
those on which Fig. 3 was based: the 
tests reported by Morrow and Proctor 
were all for samples taken by trained 
men, under carefully supervised and 
standardized conditions, and represent 
a small number of mines in one section 
of the coal fields. 

The curve, representing the normal 
relation between percentage of ash and 
the probable error in Fig. 3, has been 
repeated in Fig. 4, and it is interesting 
to note the close relationship between 
the two sets of data, considering the 
difference in the way the samples were 
taken. Two points on Fig. 3 represent 
coals which are also included in Morrow 
and Proctor’s data, and these are re- 
peated on Fig. 4 for reference, shown as 
x. The group of points falling between 
10.5 and 12.0 ash, suggest that a con- 
siderable reduction in the probable error 
for the high ash coals resulted from the 
more expert sampling, but below 10 
per cent ash a reduction in the charac- 
teristic error does not seem so easy to 
obtain. 

The question naturally arises as to 
whether the probable error, which ap- 
pears to be typical of present-day com- 
mercial practice, can be materially re- 
duced by better methods and more 
rigid adherence to them. It is beyond 
the scope of the present paper to dis- 
cuss sampling methods, but judging 
from the data now available, it is the 
author’s opinion that for the great ma- 
jority of bituminous coals having no 
more than 8 per cent ash, in the slack 
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and nut-slack sizes, no significant re- 
duction in the probable error can be ob- 
tained by any method which would be 
economically practicable to employ in 
the typical steam plant. 

While gross violation of the elemen- 
tary principles of sampling will un- 
doubtedly increase the magnitude of 
the deviations from the average, the 
price of reducing them below that en- 
countered in reasonably careful indus- 
trial practice today is probably higher 
than the consumer can afford. 

Extra care should be taken, however, 
for coals higher in ash, or for the larger 
screened sizes (nut, stove, or egg), es- 
pecially in the reduction of the size of 
the coal as the size of the sample is 
reduced. 

The present A.S.T.M. Standards 
(D 21-16)'* for the reduction of a sample 
are as follows: 


LARGEST OF COAL AND 
ImpuRITIES ALLOWABLE IN 
SAMPLE BEFORE DiIvIsIoN, IN. 


Some coals, not necessarily high in 
percentage of ash, have a considerable 
proportion of free impurities, in the form 
of hard rock, which does not break down 
in the process of loading and handling. 
In such cases, the ash tends to be un- 
evenly distributed, and consequently 
even in the smaller sizes special care 
should be taken to crush the sample 
properly. 

Under these circumstances, it is im- 
portant for the consumer and producer 
alike to recognize the magnitude of 
normal deviations in commercial prac- 
tice (as opposed to theoretical stand- 
ards of accuracy), to understand the 
cause of the deviations, and to rely more 


WEIGHT OF SAMPLE TO 
Be Divipep, LB. 


1000 or over 


1/4 
3/16 or to pass a 4760-z 
(No. 4) sieve 


19 Standard Method of Sampling Coal (D 21 - 16), 1936 
Book of A.S.T.M. Standards, Part II, p. 382. 
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upon the average of a series of tests. 
Very broadly generalized, this means 
that for bituminous coals of small size 
and having not more than 8 per cent ash, 
the probable error of individual samples 
to be expected is from +0.30 to +0.50 
per cent, and for coals having from 8 to 
10 per cent ash, between +0.50 and 
+0.90 per cent. 

The distribution of deviations from 
the average, in the case of coal, conforms 
quite closely to the theoretical distribu- 
tion,” as shown in Table I. The dis- 
tribution of the deviations from the 
average in terms of multiples of the prob- 
able error (r) for the 640 samples of 
bituminous coal used in the construction 
of Fig. 3, compared with the theoretical 
distribution, is as follows: 


TABLE I.—DEVIATIONS OF COAL FROM THE 
AVERAGE IN MULTIELES OF PROBABLE ERROR. 
PERCENTAGE OF TESTS 
ACTUAL ‘THEORETICAL 


50.9 50.0 


84.8 «$2.3 
96.3 95.7 
98.6 «99. 3 


99.8 99.7 
100.0 100.0 


Therefore, when the probable error 
characteristic of a given coal is known, 
the frequency of the larger deviations 
can be predicted. If an 8 per cent ash 
coal has a probable error of 0.50 per 
cent of ash, one half of all tests may be 
expected to fall between 7.5 and 8.5 per 
cent ash, approximately another one 
third of the tests between 7.0 and 7.5 
per cent, or between 8.5 and 9.0 per cent, 
and about 13 per cent of the tests will 
be between 6.5 and 7.0 per cent, or 
between 9.0 and 9.5 per cent. The re- 
maining 4 per cent of the tests will 
show even greater deviations. 

These deviations from the average 
include the small unpreventable errors 
in analysis, efrors due to sampling, and 


%” The statistical studies of Grumell and Dunningham 
and of Morrow and Proctor show similar agreement. 


variations in the quality of different 
lots of the same coal. Characteristics 
of a coal which increase the range of 
variation of its quality also increase the 
chance of error in sampling. There is, 
therefore, a cumulative effect, starting 
with the nature of the individual coal, 
which is reflected in the final result. 
We are dealing here with the use of lab- 
oratory tests for estimating the value 
of a coal as an identified, but somewhat 
variable, commercial product, of which 
the buyer will ultimately receive a num- 
ber of shipments over a period of time. 
It is important to make a clear dis- 
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Observed Probable Error of Averages of 5 Tests 


Fic. 5.—Relation of Observed Probable 
Error to Theoretical Probable Error for Aver- 
ages of Groups of Five Tests. 


tinction between this use of laboratory 
tests, which represents by far their most 
significant commercial application, and 
the use of laboratory tests to determine 
the quality of one individual shipment. 
In this latter case, variations in the 
laboratory determinations caused by 
variations in quality between different 
lots of coal are theoretically eliminated, 
and the deviations from the average of 
repeated resamplings of that one lot 
should be somewhat less than what we 
have here referred to as the charac- 
teristic error for the coal. The fact 
remains, however, that characteristics of 
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a coal which increase the variations in 
quality from lot to lot, also tend to 
increase the probable error which will 
be found in resampling a given ship- 
ment. 

It is obvious, therefore, that if an 
important decision or an engineering 
calculation of plant performance rests 
upon a single sample and laboratory 
test, there is always the chance that the 
result is among the 1 per cent of tests 
which approaches the limits of proba- 
blity, although more than 80 per cent of 
a series of tests would fall within twice 
the probable error, and at least half of 


ticular coal. But the occurrence of 
major deviations, either above or below 
the average, at greater than normal 
frequency does bring into question the © 


sampling or testing methods. 


Variations among laboratory tests of 


to errors arising out of sampling and 
testing procedure, are too often and 
quite indiscriminately assumed to be 
due entirely to this cause. The fact 
must not be lost sight of, that coal is a 
variable product. Disregard of this 
fundamental fact leads to too great 
reliance upon a single laboratory test, or 


the same coal, while to some extent due 4 
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verages 5 Tests 5m “Fig: 
10 4 {94 a» 
8 


Ash, per cent 
° 


0 020 040 060 080 
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them within the probable error. There- 
fore, when much depends upon a single 
sample great care should be exercised 
in the sampling, and even then the 
chances of error should be recognized. 
Since the larger deviations occur very 
infrequently, there is a natural tendency 
to jump to the conclusion that the sam- 
pling is at fault and that the particular 
test can be disregarded as not being 
“representative” of the quality of the 
coal. The occurrence of these larger 
deviations can be predicted, both in 
magnitude and frequency, from the 
probable error characteristic of the par- 


4 
Probable Error 
Relation of Probable Error to Percentage of Ash for Averages of Five Samples. 


100 120 8140 


upon a plant trial of a single shipment 
and consequently to the unscientific and 
frequently misleading use of good scien- 
tific tools. 

Assuming that the probable error 
found to be characteristic of a given coal 
cannot be substantially reduced below 
the norm for ordinary commercial 
sampling except by elaborate and costly 
sampling procedure, resort can be had 
to the use of averages of the tests of a 
number of samples to secure the desired 
accuracy. This is particularly useful in 
comparing the relative quality of two 
or more coals. 
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In theory, the probable error varies 
. inversely as the square root of the num- 
ber of tests averaged. Therefore, if 
tests of five samples of a coal which has 
a probable error for individual samples 
of 0.50 per cent are averaged, the group 
average may be expected to have a prob- 


able error of or 0.22. For the same 


V5 


coal a group average of 10 tests may be 
expected to have a probable error of 
0.16. In practice, the theoretical gain 
in accuracy is not quite obtained in more 
than half the cases. This is illustrated 


60 
5 


0 


nm 


Percentage of Tests 


0 
65432 
Minus 


23456 
Plus 


Fic. 7.—Deviation from the Average Percent- 
age of Ash Within Limits of Multiples of Prob- 
able Error—Plus and Minus. 

640 samples of 25 bituminous coals. 


in Fig. 5, which shows the relation be- 
tween the observed probable error for 
averages of groups of 5 tests for the 
25 bituminous coals used for Fig. 3, 
and that which would be theoretically 
expected for each coal. 

The gain in accuracy is, nevertheless, 
substantial, as can be seen by comparing 
Fig. 3 with Fig. 6, which shows the prob- 
able error of averages of groups of 5 
tests for each of the 25 bituminous 
coals plotted ‘against the percentage of 
ash. The curve for individual samples 
is repeated from Fig. 3 for reference, and 


the curve passing through the points 
represents the theoretical probable 
error calculated from it. 

If a coal has a probable error below 
0.60, a satisfactory degree of accuracy 
can be obtained by averaging 5 tests: 
if the probable error lies between 0.60 
and 0.90, an average of at least 10 tests 
should be used; when the probable error 
exceeds 0.90, an average of at least 20 
samples is needed. For bituminous 
coal of small size, the following will 
serve as a rough guide, when the prob- 
able error for a coal is not known: 

For coals under 8 per 

ee ee average of not less than 5 samples 
For coals between 8 

and 10 per cent..... average of not less than 10 samples 


For coals over 10 per 
average of not less than 20 samples 


While the distribution of errors within 
specified limits above or below the aver- 
age follows the theoretical distribution 
and can be predicted for a series of 
samples of the same coal, the distribu- 
tion is not symmetrical. The number of 
samples on. the minus (low ash) side is 
always more than half of the whole 
number of tests, the larger individual 
deviations appear more frequently on 
the plus (high ash) side, and usually, 
but not always, the maximum deviation 
is found on that side. 

If the plus and minus deviations for 
the 640 tests are separated, this unbal- 
ance can be seen readily. 


DISTRIBUTION OF DEVIATIONS ABOVE AND 
BELOW THE AVERAGE. 


PERCENTAGE OF TESTS 


MINUS, PLus, PLUS OR 
PER PER MINUS, 
CENT CENT PER CENT 

Within limits of prob- 
que 7.2 50.9 
96.3 
54.2 44.4 98.6 
54.4 45.4 99.8 
100.0 


This distribution is shown graphically 
in Fig. 7. 
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The principal reason for this unbal- 
anced distribution, I think, is to be found 
in the nature of coal mining. Mining 
methods are designed, with differing 
degrees of success, to exclude free im- 
purities. Maintenance of any desired 
quality of product requires constant 
vigilance and care. Deviation from 
standard methods of mining or cleaning 
is more likely to be on the side of some 
relaxation from the standard, and this 
results in the more frequent high-ash 
deviations. If we eliminate the factor 
of conscious selection in sampling, that 
is, the conscious inclusion or rejection of 
visible impurities, which is difficult in 


of 


sampling small coal (the smaller the coal, 
the more difficult it becomes), it de’ s not 
seem that the chance of including an ex- 
cessive proportion of free impurities in a 
sample is substantially greater than the 
chance of excluding them. Sampling 
errors probably constitute a minor cause 
of the unbalanced distribution. 

The fact that a larger number of tests 
is normally found on thé low-ash side 
of the average leads to a slightly mis- 
leading estimate of the average, which is 
obtained from a casual inspection of a 
list of analyses. This needs to be taken 
into consideration in the interpretation 
of laboratory tests. 
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DISCUSSION 


Mr. E. S. GRuMELL! (presented in 
written form).—On my return from a 
visit to the United States in 1931, I re- 
ported to the Directors of Imperial 
Chemical Industries Limited the lines 
on which G. B. Gould approached the 
subject of linking up laboratory tests 
with the practical utilization of coal. 
Since then a very considerable amount 
of research has been initiated in several 
countries. 

Mr. Dunningham and I have studied 
Mr. Gould’s present paper with great 
interest, and we should like to make the 
following comments. 

The conception of a natural variability 
in the constituents of industrial coal 
seems now to be generally accepted. 
The tentative suggestion that the vari- 
ability as measured by the probable 
error would be proportional to the ash 
content is confirmed by the data pre- 
sented in Figs. 3 and 4 of the paper. 
Further, there is, on the whole, reason- 
able agreement as to the degree of 
proportionality. Taking the angle be- 
tween the line through the points and 
the horizontal as representing the rela- 
tionship, the angle of Morrow and 
Proctor’s results in Fig. 4 is similar to 
that for British coals; the angle formed 
by those of Gould’s results in Fig. 3 is 
somewhat less, although I think the con- 
nection of the points might be slightly 
modified to bring them nearer the same 
angle. Recent investigations by L. A. 
Bushell of the Fuel Research Institute 


1Fuel Economy Section, Imperial Chemical Indus- 
tries Ltd., Winnington, Northwick, England. 
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of South Africa? give an angle almost 
exactly the same as that of Morrow and 
Proctor. It seems, therefore, that a 
relationship between probable error and 
ash content has now been definitely 
established. 

With regard to the magnitude of the 
probable error, American coals appear 
to have lower probable errors than 
British coals, as is shown in the following 
table taken from Figs. 3 and 4: 


AsH, Fuet ENGINEER- Morrow AND 
PERCENT ING Company® Procror 


6 0.25 0.2 0.75 
8 0.45 1.00 
10 0.75 1.20 
1.35 1.45 

Slightly modified. 

I think it desirable that steps should 
be taken to find the cause of these dif- 
ferences. There are at least two possi- 
bilities. 

Mr. Gould suggests that the greater 
variability of British coals may be ac- 
counted for by a higher proportion of 
free impurities. Some time ago T. W. 
Guy in America emphasized the impor- 
tance of distinguishing between inherent 
and free ash. That such a distinction 
should be made is clearly shown by the 
work of Bushell. He showed that the 
average error of South African coals was 
of the same order as the anthracite- 
barley-cleaned on Fig. 3 and, therefore, 
much lower than that of British coals. 
Now, defining the inherent ash as the 
ash content of that part of the coal which 

2L. A. Bushell, “The Sampling of Coal,” Journal, 


Chemical, Metallurgical and Mining Soc. of South Africa, 
February, 1937. 
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floats in specific gravity of 1.60, it was 
found that the South African coals in 
question contained 8 to 9 per cent of 
inherent ash, whereas the majority of 
British coals contain from 4 to 4} per 
cent. This undoubtedly accounts for 
the lower probable error of South 
African coals. It would be very in- 
teresting if similar values could be given 
for the American coals which have been 
investigated. 

Secondly, size is of some importance. 
There may be a difference—for the same 
ash content—of as much as 0.85 in the 
average error between a rough slack, all 
passing a 2-in. screen and a smaller, 
more uniformly graded fuel. 

I think that in the days to come it 
will be necessary, when discussing aver- 
age error of fuels, to give precise infor- 
mation about size and free ash content. 

There is, in addition, another factor 
of considerable importance which has 
provisionally been termed “level of con- 
trol.” 

Reference has been made to the ‘‘char- 
acteristic” probable error of a coal. It 
is probable that such a thing exists, but 
there is now some evidence to show that 
it can be modified either by methods of 
mining or by the degree of supervision 
exercised in a cleaning plant. 

The following example relates to de- 
liveries of a closely graded fuel, cleaned 
in a wet washery (see the accompanying 
Fig. 1). Each point represents the ash 
content of one car. For each period the 
average ash content is much the same. 
During the first period the washery was 
under strict supervision; the variations 
from wagon to wagon were very small 
and the average error only 0.44. During 
the next period (after a change of man- 
agement) the ash content of individual 
cars varied considerably and the average 
error jumped to 1.44, subsequently im- 
proving to 0.85. It is clear that the 
“level of control” in the washery 


changed and influenced the variability 
of the product without, however, appre- 
ciably affecting the average ash content. 

Something similar, but possibly 
smaller in degree, may occur with coal 
drawn direct from the mine, depending, 
presumably, upon the method of mining. 
This is shown in the accompanying 
Fig. 2 for a 1-in. to nothing dry un- 
cleaned slack. 

It is, therefore, possible for coal from 
the same seam but from different collier- 
ies to have different average errors ac- 
cording to the method of mining the 
coal. 

Mr. A. C. FIELDNER.*—Sampling and 
the interpretation of sampling is of 
great importance. Messrs. Grumell and 
Dunningham, of England, took up this 
question in recent years. They re- 
examined the work of E. G. Bailey orig- 
inally conducted in this country in 
1909 and applied it to British coals. 
Mr. Gould has given a critical analysis 
of recent work of American investigators 
in this field, and we hope that we shall 
get more information that we can use in 
application to our own coals, so that 
producers and consumers will take into 
consideration the importance of taking 
a number of samples and averaging them 
rather than depending upon a single 
sample of coal. 

Mr. O. O. MAttets.‘—I shall com- 
ment on only two points in Mr. Gould’s 
paper. 

I was rather disappointed that no at- 
tempt was made to point out possibilities 
for practical use of the calorific value of 
the “pure” coal. This term, at the 
present time, has not gotten very far 
out of the laboratory. The fuel chemist, 
of course, has long made use of the dry, 
ash-free B.t.u. value as a check of the 


* Chief, Technologic Branch, U. S. Bureau of Mines, 
Washington, Bp. C. 

4 Manager, ‘, Division, Appalachian Coals, 
Inc., Cincinnati, Ohio 
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accuracy of his calorimetric determina- 
tion. From both the purchase and 
utilization standpoints, the establish- 
ment of reliable average dry, ash-free 
B.t.u. values for the various seams of 
bituminous coal should be of cgnsider- 
able practical value even if it would be 
necessary to have more than one value 
for a very extensive seam of coal. In 
the southern high-volatile coal field, the 
range in dry, ash-free calorific values is 
from approximately 14,750 to 15,500, or 
a range of about five per cent, due to 
differences in the B.t.u. value of the 
“pure” coal. Certain useful perform- 
ance characteristics undoubtedly could 
be associated with various B.t.u. values 
of the “pure” coal which should be of 
value for evaluating coals from both the 
combustion and carbonization stand- 
points. 

The other point is with regard to 
tolerances for test values. In order to 
be more certain of keeping within the 
allowable tolerances for the usual coal 
determinations, it is my feeling that 
fine grinding (even to as small as 4 
mesh) before the first reduction in quan- 
tities is the procedure to follow not only 
when comparing results for several gross 
samples for one shipment but also for 
single samples from a series of shipments 
of one grade of coal from the same mine. 
Possibly finer grinding of the entire 
gross sample will result in smaller gross 
samples without any increase of present 
tolerances. 

Mr. A. W. Gaucer.'—Referring to 
the sampling procedure in power plants, 
many such plants, particularly the 
smaller ones, are not equipped to take 
samples in accordance with the proce- 
dures established by the U. S. Bureau 
of Mines and the National Bureau of 
Standards. In fact many operators in 


§ Professor of Fuel Technology, and Director of Mineral 
Industries Research, The Pennsylvania State College 
State College, Pa. 
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small power plants have not the slightest 
idea as to what these procedures are. A 
campaign of education is necessary, and 
discussion of this sort should be dis- 
seminated broadly. 

So far as the reduction of the sample 
for the final analysis is concerned, it was 
unbelievable to me that any chemist 
who was making proximate analyses 
would not know the importance of a 
careful reduction of the sample. I ran 
into considerable difficulty due to very 
erratic results of the percentage of ash 
and on such calculations as the so-called 
H-value. When traced down, the diffi- 
culty was due to the fact that in the 
reduction of the sample to 60 mesh, 
everything that went through the sieve 
came up to the laboratory for analysis 
but there was a residue that was dis- 
carded. We must understand that the 
components of the coal mixture have 
varying resistance to grinding. Hence, 
it is very important in the reduction of 
the sample for analysis that it all be re- 
duced to 60 mesh and that it all go into 
the bottle that goes to the laboratory. 

Mr. A. W. Tuorson.’—The paper by 
Mr. Gould, showing statistical data on 
coal analyses, conveys to the writer that 
a number of samples and their analyses 
must be available before any conclusion 
can be formed as to coal properties. 
Too often, judgment of coal properties 
is based on one analysis of one sample 
which may have been improperly taken. 
I should like to place emphasis on Mr. 
Gauger’s remark that an intensive edu- 
cational campaign should reach the 
people who do not seem to appreciate 
the necessity for very careful sampling 
and analyzing. 

The A.S.T.M. standards have been set 
up and are being constantly improved by 
the efforts of the various committees. 
A great deal of information is available 


6 The Detroit Edison Co., Detroit, Mich. 
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to the users of coal. The problem is 
apparently one of disseminating this 
knowledge and encouraging its use. 

In our own plants, we went to me- 
chanical sampling several years ago. 
We are now bringing our procedure in 
line with the tentative revision of the 
Standard Method of Sampling Coal 
(D 21 - 16) proposed by Committee D-5 
on Coal and Coke, and accepted by the 
Society at this meeting’—the first guide 
that has been available to users of 
mechanical methods. 

Mr. C. A. REEpD.*—Mr. Gauger re- 
ferred to the large number of people who 
use coal as against the large tonnage 
users. I realize that the large consumer 
probably does not need much education 
or much help because he has worked out 
his own problems, but, as Secretary of 
the Bituminous Coal Research, Inc., I 
find that among 1500 coal companies, 
many of the salesmen, managers, engi- 
neers, or others who write to us, are 
writing to a large extent about customers 
who use less than 10,000 tons of coal a 
year, inquiring as to how they can help 
those customers stop doing something 
wrong and start doing something right. 
While I was with the Pittsburgh Coal 
Co., we in the field found that we had 
to educate power house engineers, effi- 
ciency engineers and coal handlers in the 
method of taking a sample. I recall one 
instance where a company that used 
500,000 tons of coal a year did its sampl- 
ing in this manner—and this was only a 
very few years ago. A man with a bag 
strapped to his back would step up to 
the side of a railroad car and with a 
shovel scoop up a shovelful of coal from 
the corner of the car and dump it into his 
bag; he would repeat that with ten cars. 
That represented a composite sample, 


7 Proceedings, Am. Soc. Testing Mats., Vol. 37, Part I 
(1937); also 1937 Book of A.S.T.M. Tentative Standards, 
p. 1583. 

_ Director of Engineering, National Coal Assn., Wash- 
ington, D. C. 
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and there would be a wide variation of 
analysis even from a mechanically clean 
coal. In talking quite seriously to the 
purchasing agent, who was the only man 
you could talk to, his answer was: “It 
costs too much to take the type of 
sample you suggest,” and my answer 
was, “Then why take the samples at 
all?” But I want to come back to the 
point that if we can get the information 
broadcast to the man who uses less than 
10,000 or less than 20,000 tons of coal— 
that he should either take the samples 
properly or not at all. In lieu of 
sampling he should see what his steam 
cost is. We knew, for example, in cer- 
tain of our mines, that we had a control 
of within one-half of 1 per cent of ash on, 
we will say, minus 2-in. coal. Yet we 
had customers who were getting a car 
sample of as much as 2 or 3 per cent 
variation on probably a bushel basketful 
out of 50 tons. Some of those cus- 
tomers, who were not necessarily large 
consumers, had in their plant an un- 
limited number of gages and other 
measuring devices for testing and sam- 
pling equipment which they sold—tensile 
strength machinery and speed machinery 
and efficiency machinery to test the 
equipment that they were putting out. 
To overcome the difficulty of having peo- 
ple say, “‘Your coal is no good,” we prob- 
ably spend hundreds of dollars on indi- 
vidual small consumers whereas the large 
consumer could easily be shown. If, 
however, your steam cost does not check 
with the analysis you are getting you 
must know your coal sampling is not 
correct. 

Mr. G. B. Goutp.*—Mr. Malleis sug- 
gests that more use should be made of 
the moisture- and ash-free B.t.u. value. 
This is a very useful figure for the fuel 
technologist, but- I fear that any attempt 
to popularize its use would only lead to 


® President, Fuel Engineering Company of New York, 
New York City. 
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confusion in the minds of both sellers 
and buyers of coal, many of whom still 
have difficulty understanding the more 
directly usable terms: “B.t.u. as_ re- 
ceived” and “B.t.u. dry.” 

We are indebted to Mr. Grumell for 
his discussion, for it was his work which 
has given us an entirely new light on the 
variability of coal and started such a 
valuable new line of thought on coal 
sampling methods. He refers to the 
recent work of Bushell, which I did not 
have an opportunity to study before this 
paper was written. Bushell presents 
some valuable experimental data on the 
relation between sample accuracy and 
the size of increments, and also has de- 
vised an ingenious mathematical method 
of expressing the variability of coal, 
based upon the percentage of free im- 
purities (sink at 1.6), the percentage of 
ash in them, and the percentage of float 
at 1.3. His formula can be applied to 
our coals, though possibly the constant 
which is suitable for South African coals 
may need to be modified for our use. 
Mr. Grumell presents some interesting 
data supporting the view that the 
“characteristic” error for a coal is some- 
what dependent upon the methods of 
mining and preparation. He calls atten- 
tion to the fact that the magnitude of 
the error in the South African coals 
agrees quite closely with the magnitude 
of the errors for our No. 3 buckwheat 
anthracite. We did not determine the 
inherent ash in the anthracites that are 
represented by the points on Fig. 3, but 
similar coals from other data we have in 
the office indicate that the inherent ash 
in our mechanically cleaned anthracite 
very closely agrees with the inherent 
ash in the South African coals. 

This discussion has taken a slightly 
different turn from the line of thought 
that I had in this paper, because I pur- 
posely avoided sampling methods, which 

[ think need to be revised, but this 


sampling discussion, which is something 
different from the variations in the 
coal itself, brings up some points which 
I think ought to be a little better 
clarified. As may be seen from the 
curves, occasional extreme variations 
are found. The agreement of our 
studies of thousands of tests in many 
series with Morrow’s and Proctor’s 
data indicates that if ‘any extreme 
variations are taking place in sampling, 
they are very few in number. It is very 
easy for one individual sample that 
deviates from the average by 3 or 4 or 5 
times the probable error for that coal, 
to attract a great deal of attention and 
create the impression that all sampling 
is very unreliable. Sampling can be 
greatly improved, but it is not anywhere 
nearly as bad as some people think. 
That may be seen statistically by taking 
the data of Fig. 3, because there we have 
the variations from one lot to another 
lot of the same coal with different sampl- 
ing, and sampled by people in many 
cases who were quite inexperienced; 
even so the tolerances are only what we 
show on that chart. When you look at 
thousands of tests and study them you 
get a very different view of this thing, 
and come to realize that sampling gener- 
ally is not so bad as it looks—but I agree 
that once in a while it looks pretty bad. 
In that connection, recently we made an 
experiment which, as a matter of fact, 
is not complete yet, on the resampling 
of one lot of 500 tons of coal. It was a 
9 per cent ash, 1} in. Eastern bituminous 
nut and slack. According to our nor- 
mal curve in Fig. 3 a coal of that kind 
would show a variation from lot to lot, 
a normal probable error of around 0.70 to 
0.75. We sampled that same pile of 
coal twenty times, individual gross 
samples. They were all 40-lb. gross — 


samples, divided once by a rifle without 
any crushing at all, and from that point 
down (from 20 Ib. down) they, of course, 
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were properly reduced in size by grinding 
in the laboratory. Those 20 samples 
showed a probable error of 0.15, which 
indicates that sampling can be done and 
within reasonable tolerances without 
impossible methods of sampling. We 
need more investigation of that point 
for our American coals. That is just 
one example to show that good sampling 
is not a very difficult thing. 

Mr. Reed refers to some specific cases 
of bad sampling, and makes a plea for 
more widespread information on sound 
sampling methods, especially among the 


smaller consumers. This is needed, but 
first reasonable tolerances should be 
determined, and methods of sampling 
made as simple and easy as those toler- 
ances permit. He makes cne point 
which needs further examination, when 
he says “In lieu of sampling he (the 
consumer) should see what his steam 
cost is.” If records of power plant 
performance in these same small plants 
are studied as critically as the sampling 
methods, it will be found that steam cost 
calculations are subject to serious and 
frequent errors. 
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THE SIGNIFICANCE TO THE CONSUMER OF SULFUR IN COAL 


By HENRY KREISINGER! 


This paper deals with the significance 
of sulfur in coal as viewed by the con- 
sumer who uses the coal as fuel for 
making steam. Sulfur is an undesirable 
element in coal, and the consumer looks 
with much suspicion on coals high in 
sulfur. He feels that high-sulfur coal 
is likely to give him trouble from clink- 
ers on grate, slagging of furnaces, slag- 
ging and fouling of heat-absorbing sur- 
faces, corrosion, and pollution of atmos- 
phere by obnoxious gases. High-sulfur 
coal is also apt to give trouble from 
spontaneous combustion in coal storage 
pile and coal bunker. Even when the 
price of high-sulfur coal is substantially 
lower than that of low-sulfur coal, the 
experienced consumer will not make con- 
tracts for high-sulfur coal without first 
giving the coal a thorough trial to con- 
vince himself that the difficulties en- 
countered in using such coal will not 
more than offset the advantage of the 
lower price. 

Sulfur in coals occurs mainly as sul- 
fide of iron, commonly known as pyrites, 
and as organic sulfur. A small amount 
of it also occurs as sulfates. Some of 
the troubles mentioned are caused di- 
rectly by the sulfur; others are due to 
the iron with which a large part of the 
sulfur is combined. 

In a boiler furnace the sulfide of iron 
generally burns to iron oxide and SO, 
or SO;. In a reducing or a partly re- 
ducing atmosphere all of the iron and 
sulfur may not be completely oxidized 


' Engineer in “Charge of Research and Development, 
ustion Engineering Co., New York City. 


and some ferrous sulfide, low oxides of 
iron or even metallic iron may be formed. 
The organic sulfur also burns to SO, 
or SO;. The sulfates decompose at the 
high furnace temperature into metallic 
oxides and SO, or SOs. The SO, and 
SO; are gases and pass with the gaseous 
products of combustion to the stack. 
The metal oxides and the partly burned 
sulfur compounds become part of the 
ash and are removed with it. 


Clinkering and Slagging: 


The formation of clinker in the fuel 
bed of hand- and stoker-fired furnaces, 
slagging of furnace walls, and slagging 
and fouling of heat-absorbing surfaces 
in steam-generating units are the most 
serious troubles the coal consumer fears 
with high-sulfur coal. Such troubles 
cause much additional work in the boiler 
plant, and increase the maintenance of 
the equipment; they also seriously reduce 
steaming capacity of the plant. 

The sulfur and the iron, with which the 
sulfur is combined are apt to lower the 
softening temperature of the ash and 
thereby cause clinker in the fuel bed, 
slagging of the furnaces, and slagging and 
fouling of heating surfaces. Figure 1 
is intended to show to what extent the 
sulfur content in Pennsylvania coals 
affects the softening temperature of ash. 
The chart has been prepared from 
Bulletin 209 of the U. S. Bureau of 
Mines.? It shows that coals with ash 

2 W. A. Selvig and A. C. Fieldner, “Fusibility of Ash from 


Coals of the United States,” Bulletin 209, U.S. Bureau of 
Mines (1922). 
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of high softening temperature generally 
have low sulfur content, but not all 
low-sulfur coals have high fusion tem- 
perature ash. However, most _high- 
sulfur coals have low softening tempera- 
ture ash. Although no definite relation 
between sulfur content in coal and 
softening temperature of ash can be 
deduced, the chart justifies the suspicion 
of the coal consumer that high-sulfur 
coal is likely to cause clinker and slag 
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tion they sink to the grate out of the 
zone of high temperature, and may not 
reach the softening point. There is also 
less sulfur and iron carried by the gases 
into the boiler and, therefore, there is 
less likelihood of slagging the heating 
surfaces of the boiler. This is prob- 
ably the reason why some high-sulfur 
coals may give satisfactory results as 
far as clinker and slagging of boiler is 
concerned. When such coals are burned 


troubles. The consumer is opposed to in pulverized form most of the pyrites 
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Fig. 1.—Relation Between Percentage of Sulfur in Coal and Softening Temperature of Ash. 
Pennsylvania coals. 


contracting for high-sulfur coals without 
first giving the coal a thorough trial to 
find if such coal can be used economically 
in his boiler plant. 

When the coal is burned on grates 
either in hand- or stoker-fired furnaces, 
the clinker troubles are usually less 
serious if pyrites occur in large lumps or 
disks than when they are uniformly dis- 
tributed through the coal. The large 
lumps are mestly separated from coal, 
and, because they are much heavier than 
the coal, during the process of combus- 


as well as the coal are pulverized and 
are then uniformly distributed through 
the coal and may cause slagging of the 
furnaces and of the boiler. 

Clinkering in the fuel bed, and slagging 
of furnaces and of the heating surfaces in- 
creases the work of operating the boilers. 
The clinkers and slag must be often 
removed from the furnaces by hand tools. 
Slagging and fouling of the heating sur- 
faces requires frequent operation of soot 
blowers and the use of hand lances. The 
capacity of the steam-generating equip- 
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ment under such operation is usually 
reduced because the clinker and slag and 
their removal hinder the combustion of 
fuel. The clinker and slag damage the 
grate and the furnace. Thus, the main- 
tenance of the equipment is increased. 
Among the first questions that high- 
sulfur coal brings to the consumer’s mind 
are those of increased operating and 
maintenance cost, and of reduced capac- 
ity of steam-generating equipment. > 


Corrosion: 


The products of oxidation or decompo- 
sition of the sulfur compounds in coal are 
corrosive, and may cause rapid deteriora- 
tion of all metallic parts with which 
these products come in contact. The 
corrosion may start in the coal-handling 
equipment and coal bunker where the 
oxidation of sulfur in presence of mois- 
ture and air produces sulfuric acid which 
attacks iron or concrete. The sulfur 
which remains in the clinker and ash 
eventually reaches the ash hopper where 
the refuse is usually quenched. The 
water used in quenching picks up some 
of the sulfur compounds from the refuse 
and forms dilute acids which corrode the 
iron parts of the ash hopper and ash- 
handling apparatus. The gaseous 
products of combustion and decomposi- 
tion of the sulfur are carried through the 
boiler setting with other gaseous 
products of combustion. When their 
temperature is reduced in the presence of 
water vapor they form acids which cor- 
rode and foul the economizer, the air 
heater, flue ducts, and steel stacks. 
Water vapor is produced by moisture 
and the hydrogen in coal, the quenching 
of refuse in theash hopper, and the opera- 
tion of soot blowers to remove the fouling 
from the surfaces. The removal of foul- 
ing with compressed air reduces the 
amount of water vapor in gases and 
thereby the acid formation, but the use 
of compressed air requires additional 
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equipment for compressed air and power 
for its operation. Generally the higher 
the proportion of water vapor in the 
products of combustion the more serious 
is the corrosion trouble. 

Low temperature of the products of 
combustion that favors the condensation 
of water vapor and the formation of 
acids is obtained when the boiler 
started or shut down, and when it 
banked. It may also be produced by 
feeding the economizer with water at too 
temperature. Low temperature 
generally occurs in air heaters at the 
point where the air enters the heater. 
Condensation of water vapor in presence 
of SO; starts at higher temperature than 
the dew point corresponding to the par- 
tial pressure of the water vapor. 

In this connection it may be stated 
that fouling and corrosion of economizer 
and air heater are usually more serious 
with high-sulfur fuel oil than they are 
with high-sulfur coal. The explanation 
probably is that fuel oil contains a greater 
percentage of hydrogen and more water 
vapor is formed by the combustion of oil. 
The sulfur in oil occurs mostly as organic 
sulfur and the greater part of it may 
burn to SO3. 


Air Pollution: 


The products of combustion and de- 
composition of the sulfur compounds 
flowing out of the stack give the waste 
gases obnoxious odor thereby causing 
objectionable pollution of the air. 
Breathing such polluted air is very un- 
pleasant and irritating even to healthy 
people, and if the plant is located near 
or in a town, there may be serious com- 
plaints against such air pollution. The 
sulfur gases are destructive to stone and 
concrete buildings and to paint; they are 
also destructive to plant life. In the 
London district in England, power 
plants are required by law to remove the 
sulfur compounds from stack gases before 
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discharging them into the atmosphere. 
In the United States, the subject of air 
pollution by sulfur gases is kept alive 
by discussions at all smoke-abatement 
and pure-air meetings. While no laws 
have so far been proposed for compulsory 
removal of sulfur compounds from stack 
gases, much work has been done to de- 
velop an inexpensive method for such 
removal. The problem of air pollution 


by sulfur gases may be of considerable 
importance requiring serious considera- 
tion by the coal consumer whose plant is 
located where it might cause complaints. 
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Storage of Coal: _ 


High-sulfur coal does not store well, 
Slow oxidation of the sulfur lowers the 
heat value of the coal and increases the 
danger of spontaneous combustion. 
Even if the coal is stored in large coal 
bunkers for immediate use, high-sulfur 
coal may cause troublesome fires before 
the coal is used up. If a coal consumer 
has to store part of his coal requirements 
in a pile to guard against coal shortage, 
he is very likely to avoid high-sulfur coal. 
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Mr. P. Kreisinger, 
in his presentation repeatedly implied 
that sulfur produces clinkering; although 
I know that he uses this expression as a 
contraction for “the iron combined with 
sulfur as pyrites,” yet it may have mis- 
ledsome. The only form in which sulfur 
is found in slags is as entrained particles 
of ferrous or calcium sulfide (FeS or 
CaS) which have not had an opportunity 
to oxidize. We have many published 
and unpublished analyses of slags of all 
types; none has shown high sulfur and 
usually the content is 0.1 per cent or 
less, which is below 1 per cent of the 
sulfur in the coal. The highest has been 
from slags from fuel beds which have 
been less fused, but even then the maxi- 
mum was 3 per cent of the sulfur in the 
coal. 

I would grant that there would be 
worse general clinkering if the pyrites 
are uniformly distributed through the 
bed, but I have seen more trouble due to 
its being concentrated in lumps. One 
had to accept any type of coal during the 
World War; at a certain plant the coal 
received contained lumps of pyrites with 
the result that they would melt, run 
through the grates, and I have seen 
stalactites 6 in. or more in diameter at 
the top and 2 ft. long hanging from the 
grates, so that the furnaces had to be 
shut down and the grate bars chipped 
out. 

Another type of trouble because of 
sulfur has occurred in slag-tap furnaces: 
Particles of ferrous sulfide reach the bed 


Mi ‘Supervising Engineer, Fuels Section, U. S. Bureau of 
“ines Experiment Station, Pittsburgh, Pa. 
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of molten slag without being oxidized; 


being denser than the slag, they sink 
and form a molten mass. When the 
slag is tapped the molten sulfide may be 


exposed to the air and it will burn, caus-— 
ing very objectionable and, in some in- | 


stances, dangerous conditions. 


There has also been considerable 


trouble because of the formation of 


masses of metallic iron at the bottom of — 


the beds of slag-tap furnaces. My de- 


duction has been that this is directly due 


to the ferrous sulfide. Particles reach 
the surface of the bed together with 


particles of carbon and are reduced to_ 
iron; these particles, being denser than’ 
the sulfide, sink too low in the bed to be 
removed when tapping and thus gradu- | 
ally accumulate and ultimately have to_ 


be drilled out. 


For some purposes, a knowledge of the 
quantity of sulfur in the coal is not suffi-- 
cient and the forms of sulfur should also” 


be known. 


Mr. R. L. Rowan.2—I agree with 
most of the things that Mr. Kreisinger 
attributed to this, shall we say, Public 
All of those things un- | 


Goat No. 1. 


doubtedly do take place in actual prac- 


tice. I do not know that I can agree 
with him entirely in laying all spontane-- 


ous combustion in storage piles of coal 
to sulfur. I think there are many other 
factors that enter into it, as he undoubt- 
edly will agree. There has been -too 
great a tendency in many cases, when- 
ever we have had any clinker trouble or 
heating in a storage pile, to say, “Oh, 
well, the coal has too much sulfur in it.” 


2 Fuel Engineer, General Coal Co., Philadelphia, Pa. 
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When we analyze coal we report the 
total sulfur. While for metallurgical 
purposes it is possibly correct that that 
is indicative of what might be expected, 
certainly as far as clinkers are concerned 
I think if we also reported the pyritic 
sulfur content we would have a closer 
index of what might take place in the 
fuel bed, especially in underfeed stokers 
and hand-fired furnaces. Probably that 
would not be so with powdered fuel, 
because you would get some slagging and 
corrosion with all of your sulfur, but I 
think it is unfortunate with any coals 
where the pyritic sulfur content is not 
more than half the total sulfur content, 
it is reported as a coal of a certain sulfur 
content, yet only about half of it will 
cause any trouble. I believe it would 
help in our practice if we could have 
more published data in that respect. 

Mr. R. A. SHERMAN.*—One item has 
occurred to me that Mr. Kreisinger did 
not discuss in relation to difficulties from 
sulfur in coal—it is the annoying cencen- 
tration of SO in the boiler rooms, par- 
ticularly on the levels above the stoker 
hoppers. One never wants to have 
gases backing up from the stoker hopper, 
but it very frequently occurs and even a 
small concentration of SO, can be very 
distressing to men who have to work in 
it. Similarly, a high sulfur coal will 
frequently leave enough sulfur in the ash 
and clinker to be very unpleasant to the 
men working on dumping of ash hoppers. 

Mr. G. C. Squirer.*—At what tem- 
_ perature in flue gases will SO. or SO; 
‘ unite with H,O to form either sulfurous 

(H2SO3), or sulfuric (H2SO,) acid? 

Mr. HENRY KReEISINGER® (author’s 
closure)—Mr. Nicholls’ comment is 
made from the standpoint of a scientist 


3 Pas Engineer, Battelle Memorial Institute, Columbus, 


Ohi 
” * Assistant to President, J. F. Massey and Co., Inc., 
4 New York City. 


5 Engineer in Charge of Research and Development, 
Combustion Engineering Co., New York City. _ 
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who analyzes a problem in detail in 
order to ascertain the true causes of the 
difficulties which the problem presents 
He is right from his point of view. My 
paper was written from the point of view 
of a coal consumer, who generally makes 
his preliminary coal selections from 
proximate analyses, heat value, sulfur 
content, and in some cases the fusibility 
of ash and the grindability of coal. The 
composition of ash and the form in which 
sulfur occurs in coal is not usually given. 
He compares the heat value first, and 
then the ash, volatile matter and sulfur 
content. High sulfur content in coal 
always raises a suspicion in his mind that 
the coal will give him trouble. The coal 
remains under suspicion until it is tested 
under actual operating conditions and 
proves itself to be reasonably good fuel. 
Mr. Nicholls thinks of the troubles sulfur 
actually gives under various conditions, 
whereas my statements refer to the 
troubles that the average consumer 
thinks sulfur may cause. In other 
words, to the coal consumer sulfur in 
coal is an indicator of probable troubles. 

Mr. Rowan agrees in general with the 
statements in my paper; he differs as to 
the degree to which sulfur is responsible 
for the troubles enumerated in the paper. 
While in some cases sulfur may not be 
the principal cause of the troubles, 
nevertheless it is a contributing factor. 
One thing is certain, it contributes noth- 
ing to make the coal a better fuel. Even 
if we had a complete analysis of the ash 
and the exact composition of the com- 
pounds in which sulfur occurs, we could 
not be sure with our present knowledge 
of the subject that high-sulfur coal 
would make a good fuel. We would 
want a practical demonstration by 4 
good trial under actual operating con- 
ditions. 

Mr. Sherman brought an additional 
_ factor nee sulfur in coal and that is 
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the annoyance of SO, to boiler plant 
operators in case of leakage of gases from 
boiler settings, and in the handling of 
the ash pit refuse. Such annoying ex- 
periences necessarily prejudice the boiler 
room operators against high-sulfur coal, 
and they will be reluctant to do their 
best to obtain good results with such 
coal. 

Mr. Squire asked about the formation 
of SO, and its combination with H,O to 
form sulfuric acid. There is no exact 
data on that subject, but from what in- 
formation we have we can say that about 
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one third of the sulfur burns to SO;. — 
Condensation of water vapor in presence 
of SO; may occur even at 300 F. which 
is far above the ordinary dew point; the 
higher the concentration of SO; and 
water vapor in the gases, the higher will ‘ ’ 
be the temperature at which water vapor | 
condenses and absorbs SO; to form sul- 
furic acid. 
More sulfuric acid seems to be formed 
with high-sulfur fuel oil than with coal, 
because of the higher concentration of 
water vapor in the products of com- 
bustion. 
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_ THE SIGNIFICANCE OF ASH SOFTENING TEMPERATURE AND ASH 
COMPOSITION IN THE UTILIZATION OF COAL 


INTRODUCTION 


The subject of the practical signifi- 
cance of the softening temperature of 
coal ash as measured by the standard 
A.S.T.M. test method? is one that should 
be approached in a spirit of humility and 
caution. A long series of illustrious 
technologists has attacked this problem 
with two general objectives in view. 
The first of these, the attainment of a 
standard method of measurement, has 
been accomplished largely through the 
efforts of A. C. Fieldner and his co- 
workers in the U. S. Bureau of Mines. 
The second of these, the relating of the 
results obtained by the standard method 
to the very practical problem of pre- 
dicting the probable severity of clinker 
formation to be anticipated in the case 
of any given coal, equipment, and set of 
firing conditions, is still far from con- 
clusive solution. 

At present, it is. generally accepted by 
fuel technologists and engineers that 
there is no simple, direct correlation 
between ash softening temperature and 
clinker trouble. Thus, Nicholls and 
Selvig® state that: 


No one simple measure of the nature of 
the ash, such as its fusibility determined by 


1 Professor of Fuel Technology, and Director of Mineral 
Industries Research, The Pennsylvania State College, 
State College, Pa. 

2Standard Methods of Laboratory Sampling and 
Analysis of Coal and Coke (D 271-33), 1936 Book of 
A.S.T.M. Standards, Part II, p. 407. 

3P. Nicholls and W. A. Selvig, “Clinker Formation as 
Related to the Fusibility of Coal Ash,” Bulletin 364, 
U.S. Bureau of Mines (1932). 
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an arbitrary method, can be expected to 
predict closely relative values of troubles re- 
sulting from a complex ash passing through 
a set of conditions in which the temperature, 
time of exposure to that temperature, and 
travel of the ash are undefined, uncertain, 
and dependent on factors that are also 
variable. 


More recently, Kreisinger* has written: 


Ash fusibility test gives an indication of a 
probable clinker and slag trouble, although 
it is not a positive criterion. 


This conclusion is not surprising in 
view of the fact that the temperatures 
in the fuel bed of a modern power plant 
are hot enough to soften the ash of 
almost any coal. On this subject 
Ricketts® has the following to say: 


The writer’s observations indicate that, re- 
gardless of the fusion temperature of the 
ash, all of the ash particles not closely as- 
sociated with a considerable percentage of 
unburned carbon, whether they are lifted 
from the fuel bed by the draft or discharged 
into the ash pit, have been fused. Logically, 
they should be because, in general, the tem- 
perature of combustion in the fuel bed is 
2800 to 2900 F.; most coal ashes will soften 
under such temperature conditions. 


This paper is concerned with the rela- 
tion of ash softening temperatures and 


4Henry Kreisinger, “Value of Coals as Steaming Fuel 
as Indicated by Their Chemical and Physical Properties, 
Contribution No. 85, Class F, Coal Division, Am. Inst 
Mining and Metallurgical Engrs. (1935). ¥ 

5 P. Nicholls and W. A. Selvig, “Clinker Formation 4s 
Related to the Fusibility of Coal Ash,” Bulletin 364, 
U.S. Bureau of Mines, p. 69 (1932). 
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the composition of coal ash to practical 
applications of coal. The author appre- 
ciates the many-sided aspects of the 
subject, and hopes that the discussion 
during this symposium will constitute a 
searching examination of the entire 
problem. In the preparation of the 
manuscript, previously published work 
on this subject has been freely utilized; 
in addition to this, the author also 
makes grateful acknowledgment to a 
large number of technologists and engi- 
neers who have generously cooperated 
by furnishing helpful suggestions, data, 
and by reading and criticizing the pre- 
liminary manuscript. 


GENERAL ASPECTS OF CLINKER 
FORMATION 


Since this symposium deals with the 
practical aspects of laboratory tests, it 
seems logical to seek first an under- 
standing of the reasons for making the 
standard softening temperature meas- 
urement. These are set forth in the 
early publication of Fieldner, Hall, 
and Feild’ which opens with the 
sentence: 


As a safeguard against excessive clinker 
troubles, specifications for the purchase of 
coal can be drawn to include the “‘soften- 
ing” or “fusing” temperature of the ash. 


Since the ash softening temperature 
measurement is intended to be an index 
to “clinker trouble,” it is of importance 
to have at the outset some sort of an 
understanding of what is meant by 
“clinker trouble.” A clinker is defined 
by Webster as: 


Stony matter more or less vitreous or fused 
together, as that formed from impurities in 
coal slag. 


_ Arno C. Fieldner, Albert E. Hall, and Alexander L. 
Feild, “The Fusibility of Coal Ash and the Determination 
af the Softening Temperature,” Bulletin 129, U. S. Bureau 
of Mines (1918). 
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The term comes from the Dutch, and 
referred originally to a vitreous mass 
such as a brick which had been burned 
so hard as to give off a ringing sound 
when struck. 

Clinker trouble, however, involves 
more than the mere formation of a 
clinker. It is conceivable that a power 
plant might be of such construction or 
may be so operated as to break up and 
slough off any sintered or vitreous ma- 
terials that might result from the ash of 
the coal. In such an event the manage- 
ment would not have clinker difficulties 
and would not be interested in any 
standard test of a property designed as 
an index to such difficulties. In other 
words the important criterion in this 
connection is operation of the plant 
without difficulties and not the mere 
formation of a sintered or fused mass of 
ash. We have, therefore, to consider 
not only the properties of the coal and 
its associated mineral matter, but also 
the type of coal-burning equipment and 
the firing practice. 

It is of interest to list a few of the 
many factors which may be summed up 
under four general heads: 


1. Properties of coal including rank, per- 
centage of ash and moisture, ash softening 
temperature, composition of ash, caking and 
coking properties of coal, and size-consist of 
coal. 

2. Types of fuel-burning equipment in- 
cluding hand fired, underfeed and overfeed 
stoker fired, traveling grate, pulverized coal 


- fired, both dry bottom and slag tap. 


3. Firing practice, including rate of burn- 
ing, cleaning of fires, control and distribu- 
tion of air, preheating of air, etc. _ 


4. Human factors. 


These by no means constitute all the 
factors that are of importance in clinker 
formation; furthermore, they can be 
broken down into simpler classifications 
almost without end. Nevertheless, those 
listed are ample to indicate that clinker 
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trouble is a cooperative affair and may 
be ascribed to no single cause which will 
cover all cases. 


REASONS FOR FAILURE OF ASH SOFTEN- 
ING TEMPERATURE DETERMINATION 


Any discussion of the reasons for a 
lack of correlation between ash softening 
temperature and clinkering tendency of 
coal ash must give consideration to at 
least four factors in connection with the 
mineral matter in coal and the standard 
test method. The first of these relates 


be expected to recognize differences in 
ash softening temperature of less than 
180 deg. Fahr. 

A second factor concerns the varia- 
tions that occur in the coal samples 
themselves. Morrow and Proctor’ have 
reported the results of an intensive 
study of variables in coal sampling 
which indicate for ash softening tempera- 
ture that the probable error in the case 
of car samples, if a sufficient number of 
increments is taken, will be well within 
the tolerance of the standard test but 


— 
Temperature, de 
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to the precision of the standard test, 
which is entirely empirical and recog- 
nizes a tolerance of considerable mag- 
nitude within the same laboratory as well 
as between different laboratories. Thus 
the permissible variation on a given 
sample within the same laboratory is 
30 deg. Cent. (54 deg. Fahr.) and be- 
tween different laboratories 50 deg. Cent 
(90 deg. Fahr.). With tolerances of this 
magnitude in the laboratory method it is 
obvious that correlation between per- 
formance and laboratory results cannot 


Number Samples for the Mine 
—Variation in Ash Softening Temperature of Face Samples. 


the maximum deviation between in- 
dividual samples may be as high as 
_ 500 deg. Fahr. for certain sizes. 

The author is indebted to S. H. Viall 
for Fig. 1, which shows the variations 
in the ash softening temperature of face 
samples from the Indiana Fourth Vein. 
Viall believes that analyses of at least 
20 samples of commercial shipments of a 
given size are required before one is 


7 J. B. Morrow and C. P. Proctor, “Variables in Coal 
Sampling,” Proceedings, Am. Inst. Mining and Metal- 
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reasonably close to an average value for 
that coal. While the analysis of the 
first sample might coincide exactly with 
the average value, it might also be ex- 
ceptionally high or exceptionally low. 
Figure 1 emphasizes the need for numer- 
ous determinations before average condi- 
tions are known. 

A third factor which is closely related 
to the second is concerned with the 
variations in the mineral matter in coal. 
The mineral composition of the coal is 
related in a complex way to the ash 
softening temperature. Some knowl- 
edge is available on this subject.* The 
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coals from central and western Penn- 
sylvania and from the Pocahontas seam 
of West Virginia’ revealed the presence 
of pyrite, kaolin, chlorites, muscovite, 
quartz, calcite and gypsum in all of 
them. Similar studies have been con- 
ducted by Ball and others" in the Illinois 
State Geologic Survey. Two columns 
were studied from the Herrin No. 6 coal 
bed in Franklin and Washington Coun- 
ties, Illinois, and three blocks each from 
the Upper Freeport bed, Allegheny 
County and Pittsburgh bed, Allegheny 
and Fayette Counties. Thiessen, Ball 
and Grotts conclude from these studies 


TABLE I.—VARIATION IN ANALYSIS OF HIGH-GRAVITY FRACTIONS OF 0 TO 4-IN. RAW COAL. 


Four coals separated into 1.60 to 2.00, 2.00 to 2.60 and 2.60 sink specific gravity fractions. 


Volatile Material, Moisture- and Ash-Free, per cent : 
Weight | Ash | nin — on Free | SiOz | AlOs | FexOs| CaO | deg. Fabr. 

Coal No. 1: | | 

1.60 16.2 49.7 7.65) 04 21.9 | 43.9 | 49.0 | 25. 20.3 1.5 2370 
2.00 ; 74.0 77.0 3.40; 1.0 12.5 | 56.8} 60.1 | 28.8 86| 09 2620 

2 60 si 98 68.7 | 23.90) 0.4 18.2 | 58.9 | 32.0 | 16.6 | 44.6 | 2.7 2395 
Coal No. 2: 

1.60 16.9 48 8 | 5.20, 0.5 21.5 | 42.4 |} 49.0 | 25.8] 15.4 3.9 2320 

2.00 76.5 76.1 | 5.35) 0.8 12.8 | 55.4 | 57.5 | 27.7 | 10.6 | 0.7 2580 
ois i 6.6 $7.6 | 31.35} 0.2 | 22.2 | 52.7 4.6 6.5 | 85.6 B.S 2495 
‘oal No. | 

1.60 20 6 504 | 3.65) 04 19.7 | 40.0 | 48.4 | 23.7 | 12.3 5.6 2335 

2.00 ¢ 77.5 79.5 1.90) 0.5 12.0 | 60.0 | 60.1 | 28.9 3.91 2.0 2625 
Pry 1.9 57.7 34.75) 0.1 22.0 | 52.1 | 10.3 7.5 | 79.2 1.8 2530 

1.60 19.7 49.9 |} 2.10) 0.4 19.9 | 40.0 | 49.7 | 25.1 8.6 7.2 2240 

2.00 78.8 79.3 2.30) 0.6 11.8 | 58.7 | 57.9 | 28.0 6.5 2.7 2525 

2.60 1.5 61.5 | 34.65) 0.2 22.3 | §8.2 | 11.9 | 10.3 | 73.8 1.9 2495 


| 


mineral composition is also related in a 
complex way to clinker formation, but 
unfortunately there are few data on this 
problem. Experience in these labora- 
tories has shown that there may be a 
wide variation in the mineral content of 
samples separated into fractions of differ- 
ent specific gravity by float and sink 
methods, a fact which is not surprising 
since the minerals vary widely in specific 
gravity. 

Petrographic study of ten samples of 


* Thomas G. Estep, Harry Seltz, Henry L. Bunker, Jr., 
and Herbert S. Strickler, “The Effect of Mixing Coals on 
the Ash Fusion Temperature of the Mixture,” Cooperative 
Bulletin 62, Carnegie Institute of Technology (1934). 


that the separable mineral matter from 
Illinois and western Pennsylvania coals 
is composed of over 95 per cent detrital 
clay, kaolinite, calcite, and pyrite, with 
other minerals unimportant. 

Such a sweeping conclusion is unwar- 
ranted on the basis of a study of six 
Pennsylvania coals and two Illinois coals, 
for experience has shown that the rela- 
tive proportions of the various ash- 


9A. W. Gauger, “Coal and Its Mineral Matter,” 
Bulletin 28, Mineral Industries Experiment Station, The 
Pennsylvania State College (1936). 

10 C. G. Ball, Report of Investigation No. 33, Illinois 
Geological Survey (1935); G. Thiessen, C. G. Ball and P. E. 
Grotts, Industrial and Engineering Chemistry, Vol. 28, 


p. 355 (1936). 
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forming minerals not only vary from 
seam to seam but frequently may vary 
within the same mine. In fact, the only 
conclusion that the author is prepared 
to draw at the present moment on the 
basis of examination of several hundred 
ash analyses is that there is a tendency 
for lime to exist in increasingly larger 
amounts as one proceeds to the south 
and west from the eastern edge of the 
Pennsylvania bituminous coal area. In 
other words, in general, western Penn- 
sylvania, West Virginia and Illinois coals 
have larger percentages of compounds of 
calcium than do the coals of central 
Pennsylvania. 

Morrow and Proctor’! have also shown 
the great variation that may exist in the 
ash composition of the different types 
of coal (bright coal, dull coal, fusain), 
as well as in the analysis of the ash from 
the different fractions separated at spe- 
cific gravities of 1.60, 2.00, and 2.60. 
Their figures for four different coals are 
reproduced in Table I. 

The fourth factor relates to the opinion 
held by some that the intimate mixing 
which takes place in the preparation of 
the sample of ash for test is not repre- 
sentative of conditions in the fuel bed 
and that the test, therefore, cannot be 
expected to predict accurately the extent 
of clinkering that will occur when the 
coal is burned.” To a certain extent 
this may be true, but in modern indus- 
trial practice, screening of stoker coal, 
cleaning to remove large aggregates of 
ash-forming minerals, and agitation of 
the fuel bed result in a fairly uniform 
distribution of the minerals and an in- 
timacy of mixture approximating that of 
the ash softening temperature test. 
Rather must the failure be ascribed to 


uJ. B. Morrow and €. P. Proctor, “Variables in Coal 
Sampling,” Proceedings, Am. Inst. Mining and Metal- 
lurgical Engrs., Vol. 116, p. 249 (1936). 
_ ™ Ralph A. Sherman and E. R. Kaiser “Clinker Forma- 
tion in Small Underfeed Stokers,” Information Bulletin 1, 
Bituminous Coal Research, Inc., January, 1936, p. 2. 


the different chemical compositions 
which result in the same ash softening 
temperatures but which may result in 
slags of widely different fluid properties. 
Thus, silica and alumina may be looked 
upon as the refractories in the ash, 
whereas the predominant fluxing ma- 
terials are lime and iron oxide. Starting 
with the same refractory composition, 
let us say kaolinite, it is possible to pro- 
duce mixtures of the same softening tem- 
perature by adding iron oxide alone, by 
adding lime alone, or by adding mixtures 
of the two. Naturally, a mixture of 
kaolin and iron oxide with a softening 
temperature of 2500 F. cannot be ex- 
pected to respond in a fuel bed in the 
same way in which a mixture of kaolin 
and lime of the same softening tempera- 
ture will behave. 

Some engineers are of the opinion that 
determinations of ash softening tem- 
peratures by the jaboratory procedure 
are often deceptive because there may 
be chemical reactions in the progress of 
the fuel through the operating furnace 
which may change the fusing character- 
istics materially. These engineers sug- 
gest that more informative results may 
be obtained by collecting ash samples 
from similar types of equipment when 
burning the coal under investigation and 
making ash softening temperature meas- 
urements on them. Such suggestions 
serve to emphasize the point that factors 
other than ash softening temperature as 
now determined are of great importance 
in clinker formation. 


How CLINKERS ARE FORMED 


At this time it seems desirable to 
attempt to visualize the process through 
which the mineral matter in coal passes 
during combustion. In the case of 
bituminous coal, the first step involves 
the formation of coke, accompanied by 
such changes as loss of volatile matter, 
sulfur, carbon dioxide, and water of 
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ns hydration of certain minerals. From 
ng that point on, the process is not unlike 
in that occurring in the combustion of 
eS, anthracite. This process has been ob- 
ed served in our laboratories under con- 
h, trolled conditions. If the lump is not 
a- disturbed, the combustible matter burns 
ng away, leaving the ash more or less in 
n, place but accompanied by a certain 
0- amount of shrinkage. The infusible 
n- components remain as flaky or fluffy 
vy ash; the fusible components sinter or 
es melt into globules, depending upon 
of the temperature-composition relations. 
ig This material finally works its way down 
X- to the grates, during which process the 
1e different mineral components of the ash 
in have an opportunity of coming into a 
a- more intimate contact. If any com- 
ponent fuses completely, it will flow 
at depending upon its viscosity and may 
1- entrap other ash components as well as 
re unburned combustible material. Reac- 
y tions may take place resulting in more 
of fluid systems such as eutectics. Agita- 
e tion of the fuel bed aids in the movement 
r- of the individual ash particles, making 
y- coalescence of fused masses and reaction 
y more easily accomplished. 
S The important factors at this stage are 
n temperature and properties of the slag. 
d If the individual globules of slag are fluid 
- so that they reach the grate area rapidly, 
S and if the temperature on the grates is 
S low enough so that they solidify rapidly 
Ss this also presupposes that the slag has 
€ a large temperature coefficient of vis- 
cosity), then a loose aggregate of clinker 
will be formed; this will be handled by 
the furnace mechanism without diffi- 
) culty. If, on the other hand, the tem- 
h peratures on the grates are high relative 
$ to the solidification temperatures of the 
f slag globules, the slag will continue to 
$ flow, one globule wetting another glob- 
ule, and so on, until a large dense clinker 
: is formed. This will disturb air flow 
f and will be removed only with difficulty. 
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Such a process gives rise to clinker 
trouble. Barrett and Taylor,’? Nich-— 
olls,“ and Bunte,” have indicated vari- 
ous ways in which slags may behave 
upon heating and cooling. 


GENERAL SIGNIFICANCE OF ASH SOF- 
TENING TEMPERATURE 

All of the above discussion has served 
two useful purposes. In the first place, 
it has shown that the formation of 
troublesome clinker is dependent upon 
the equipment and firing practice as 
well as on the inherent characteristics 
of the coal and ash. It has also shown 
that the temperature in the fuel bed and | 
on the grates is of great importance. In 
view of the many factors involved in 
clinker trouble, no specific statement = 
be made with reference to the signifi- 
cance of ash softening temperature in | 
all types of coal utilization. It will 
have one significance with one consumer | 
and another significance with anothe 
consumer. This has been recognized in 
a recent report published by the National 
Committee on Coal of the National 
Association of Purchasing Agents.’ 

This committee has rated the various 
factors as “not important,” “of ordinary 
importance,” “of more than ordinary 
importance,” and “very essential.” 
The general conclusions indicate that 
the ash softening temperature deter- | 


mination is quite an important factor in 
the different classes of utilization for 
stationary steam generation under four 


8 Elliott P. Barrett and James A. Taylor, “A New 
Method for Studying the Flow Characteristics of Glasses 
and Slags at Elevated Temperatures,” Journal, Am. 
Ceramic Soc., Vol. 19, pp. 39 44 (1936). 

44 Discussion by P. Nicholls of paper by J. J. Brennan 
“The Fusibility of Coal Ash,” Proceedings, Seventeenth 
Fuel Engineers Meeting, Appalachian Coals, Inc., January 
11, 1937. 

1 Karl Bunte, “A New Method for the Determination 
of Melting Processes in Ash,” Proceedings, Second Internat. 
Conference Bituminous Coa!s, Carnegie Institute of Tech- 
nology, Vol. 2, pp. 231-240 (1928). 

1€ Report of Subcommittee VI on Correlation of Scien- 
tific Classification with Use Classification, to the Technical 
Committee on the Classification of Coal sponsored by the 
American Society for Testing Materials; Publication No. 21, 
Second Edition, published by the National Committee on 
Coal, National Association of Purchasing Agents (1936). 
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conditions. These are: excessive load, 
_ insufficient grate to heat area, pre-heated 
air, unfavorable fire-brick conditions. 
The first three of these are all related to 
fuel-bed temperatures, and in particular 
to the temperature on or near the grates. 
We have already seen that this condition 
is of great importance. In this connec- 
tion it should be pointed out that the 
ash softening temperature is rated less 
_ important—dropping from “‘very essen- 
tial” to “of more than ordinary impor- 
tance’’—in the case of all of the above 
conditions for underfeed stoker 
equipment when it is provided with 
water-cooled tuyeres. The committee 
report gives no clue as to the significance 
of different values of ash softening tem- 
perature, which is not surprising in view 
of the great complexity of the problem. 


LACK OF EXPERIMENTAL DATA 


There has been a paucity of experi- 
mental study in this field, which is sur- 
prising in view of the wide interest in 
the subject. The most extensive study 
that has been reported is that of Nicholls 
and Selvig.* Their general conclusions 
warrant repeating here: 


Based on the scale used in the labora- 
tory tests of the quantity of large clinkers 
formed, the results show that the tendency 
to form clinker for the average of all tests 
on each coal has a fairly general relation to 
the softening temperature of the ash as de- 
termined by the standard method of the 
American Society for Testing Materials. 
On the other hand, values for individual 
coals departed materially from the average 
curve. Coals having ashes whose fusion 
_ temperature was at the low or high end of 
the softening-temperature scale conformed 
to the average more closely than did those 
in the center having softening temperatures 
of 2400 to 2600 F. 

The investigation also showed that no 
other single value for the fusibility of the 
ash would give better coordination with 
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the clinkering scale used than does the 
softening temperature. 

The investigation therefore has not 
proved that the fusibility of the average 
ash is necessarily an assured measure of the 
relative clinkering of coals whose ashes have 
fusion values not greatly different. The 
clinker formed, as measured by quantity 
and density, depends on other factors of 
the coal and on its method of burning. 

Although fusibility is a reliable general in- 
dex, for close comparisons of coals the fol- 
lowing factors should be given weight: Size 
of coal, its caking and coking characteristics 
as affecting the paths of the ash through 
the fuel bed, and the proportion of the ash 
which is segregated in lumps, all these fac- 
tors being considered with reference to the 
furnace and fuel bed. ‘This report presents 
data and discussions that may be of help 
in making a more intelligent selection, yet 
the scope of the investigations and the types 
of burning and fuel bed studied were not 
broad enough to permit tabulation of values 
for the above factors and their coordination 
with each method of burning or service 
condition. Such exact presentations and 
conclusions would require the burning of 
much larger quantities of a variety of coals 
under the equivalent of plant conditions. 
This investigation can be considered only 
as a beginning; the necessity for exact 
values becomes less as the investment in 
equipment that will handle clinker in the 
fuel bed or at its discharge is increased. 


Fieldner and Selvig!” have subdivided 
coals on the basis of ash softening tem- 
perature as follows: 

Class 1.—Refractory ash, 

above 2600 F. 

Class 2——Ash of medium fusibility, 
softening between 2200 and 
2600 F. 

Easily fusible ash, softening 
below 2200 F. 

These authors considered class 1 4s 

practically non-clinkering; class 3 will 


softening 


Class 3. 


17 A. C. Fieldner and W. A, Selvig, “Relation of Ash 
Composition to the Uses of Coal,” Transactions, Am. Inst 
Mining and Metallurgical Engrs. 
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form considerable clinker; the clinkering 
characteristics of class 2 depend upon the 
furnace temperature, the kind of stoker, 
and the distribution of the ash-forming 
constituents in the coal. It will be 
shown later that such generalizations 
may be upset to a surprising degree by 
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ing temperature play equally important © 
roles in the formation of clinkers. In 
1929, Gould and Henderson, in a paper 
entitled “The Recent Trend in Coal 
Burning Methods,”!* before the Society 
of Gas Lighting, presented a chart relat- 
ing the ash softening temperature to the — 


2800 


2600}- 


perature, deg. Fahr. 


2400 


220017 


io Softenina Tem 


oO 


20 


Combustion Rate, |b. Coal per sq. ft.Grate Area per hr. 


Fic. 2.—Relation of Ash Softening Temperature to Combustion Rate. — 


modifications in combustion equipment 
and firing practice. 


SIGNIFICANCE OF ASH SOFTENING TEM- 
PERATURE IN SPECIFIC CLASSES OF 
UTILIZATION 
Having established the importance of 
factors other than the ash softening 
temperature, the balance of the paper 
will sum up the status of the problem in 
so far as specific classes of uses are 

concerned. 

Underfeed Stoker. ¥requent attempts 
have been made to relate combustion 
rates in the burning of coal to the ash 
softening temperature and clinker forma 
tion. The experience with such at- 
tempts has served to emphasize that 
many factors in addition to the soften- 


combustion rate. Over a period of years 
these authors had plotted all cases avail- 
able to them where the combustion rate 
and the softening temperature of the 
ash. were known and where clinker 
trouble was either definitely reported or 
known not to have occurred. The 
points fell within a band as shown in 
Fig. 2. It was the experience of these 
authors that, within this band, clinker 
trouble would almost invariably be en- 
countered at or below the lower limit 
and practically never at or above the 
upper limit. Between the two limits, 
the probability of escaping clinker 
trouble is greatly diminished the nearer 
the upper boundary is approached, with 


18 Private communication. 
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better than an even chance above the 
center line of the zone shown on the 
chart. The data were derived from in- 
dustrial steam plants of 1000 to 5000 
b.hp., a good proportion of which were 
equipped with underfeed stokers. They 
were operated with about 12 per cent 
carbon dioxide and used coal from the 
northern Appalachian region in run-of- 
mine or slack size. Gould has the fol- 
lowing to say about the interpretation 
of this chart’*: 


The validity of this curve depends upon 
the coal you are using and upon the plant 
conditions encountered. Introducing a 
large amount of excess air, which would re- 
duce the carbon dioxide to 6 or 7 per cent, 
will make an appreciable difference in the 
clinker formation and permit the use of a 
lower fusing point coal, but of course at the 
expense of a substantial loss in efficiency. 
A refractory arch, such as you have with a 
Dutch oven with very little of the fire ex- 
posed to the boiler tubes, will throw the 
results over on the other side and clinker 
trouble would be experienced at lower com- 
bustion rates than are indicated on this 
chart. 

The size and coking characteristics of 
the coal are evidently factors which modify 
this typical relationship. It would appear, 
although I do not know of any experimental 
data which definitely show it, that, other 
things remaining constant, the tendency 
to form clinkers will increase as the density 
of the fuel bed increases. A higher com- 
bustion rate can therefore be obtained with- 
out clinker trouble with a given fusing point 
with coal which has been screened to ex- 
clude the fines. 

It has also been our experience that middle 
western coals, that is, those from Illinois 
particularly, do not conform in practice to 
the relationship shown on the chart. For 
some reason, which we have been unable to 
explain, with a given combustion rate, the 
Ilinois coal will not cause clinker trouble, 
with a fusing point of at least 200 deg. Fahr. 
lower than coals of similar size, used on simi 
lar equipment and under similar conditions 
from the northern Appalachian fields. 
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More recently Tobey'* has prepared a 
similar chart (Fig. 2) based on the aver- 
age values taken from data obtained 
from four different sources (submitted 
by Rowan, Gould, Williams, and Tobey). 
The majority of the plants from which 
performance data were taken burn coal 
from the eastern and southern fields, 
including both high- and low-volatile 
coals. Tobey calls attention to: 


one characteristic of the chart—that is, 
it is straight, up to the 40-lb. rate. The 
fact that the curve breaks from a straight 
line from that point upward is apparently 
due to an inherent characteristic of the un- 
derfeed stoker; that the overfeed section 
of the stoker (above which the highest 
furnace temperatures are found) loads up 
faster than the underfeed section; that is, 
it reaches its maximum capacity earlier than 
the underfeed section and much of the ad- 
ditional increase in rating is taken by the 
underfeed section. For this reason, tem- 
peratures do not increase above the overfeed 
section as rapidly as they did at the lower 
burning rates. 


Generalizations such as these represent 
the statistical experience of the engi- 
neers who make them and are un- 
doubtedly applicable to the conditions 
in the plants represented. Because of 
the many factors which have a bearing 
on the problem, the experience of other 
engineers observing quite different power 
plants may be quite different. The 
author has gathered from several engi- 
neers data which are at complete var- 
iance with the curves of Gould and 
Tobey. These are plotted as separate 
points in Fig. 2. It appears that those 
coals which do not coke strongly form 
one exception. Furnace design, firing 
practice and ash composition are also 
among the factors which affect the 
formation of clinker. 

Bennett and Herbeck'’ describe 

J. S. Bennett and C. J. Herbeck, “Design and De 


velopment of a Water-cooled Underfeed Stoker,” Me 
chanical Engineering, December 1935, pp. 761-765. 
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water-cooled underfeed stoker which suc- 
cessfully burns a coal of ash softening 
temperature of 1900 F. at a rate of 
52 lb. per sq. ft. of air admitting surface 
per hour. Careful air distribution may 
accomplish a similar result because of 
the cooling effect on the grates. Rosin?® 
in Germany has concluded that control 
of temperature in the fuel bed and in the 
gases of the combustion chamber, con- 
trol of atmosphere and control of motion 
of fluid slag offer the weapons of firing 
technique against the clinker problem. 
By certain modifications in design pro- 
viding for cooling along the side walls, 
at the tuyeres, and on the extension 
grates, a lowering of the temperature of 
the coke amounting to as muchas 1000F. 
and more is accomplished. The effect 
of this on clinkering is, of course, 
obvious. 

Unquestionably many factors are of 
importance in the formation of trouble- 
some clinkers in underfeed stoker prac- 
tice. The necessity of having to build 
up a fire very quickly from a banked 
condition will often cause a_ black, 
vitreous clinker. The amount of ash is 
also of importance. Frequently, it has 
been reported that, with a high-ash coal 
of low ash softening temperature, no 
clinker trouble is experienced even at 
high rates of combustion (50 Ib. per sq. 
ft. per hr.), whereas with a coal having 
an ash content of 6.7 per cent it was 
impossible to reach that burning rate. 
The reason for this may be the insulat- 
ing effect of the large volume of ash 
formed in burning the high-ash coal. 
It must not be concluded that this is 
always the case, for there are instances 
when the reverse is true, all of which is 
further evidence that the formation of 
troublesome clinker is the resultant effect 
of a variety of causes. 


*P. Rosin, “The Ash Problem in Combustion,” 
Zehnte Technische Tagung des Deutschen Braunkohlen 
Industrie-Vereins, E.V., April, 1931, Braunkohle, Vol. 31, 
Dp., 628-644 (1931). 
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Pulverized Coal.—In the case of pul- 
verized coal for purposes of steam gen- 
eration the trouble experienced is mainly 
due to slag formation on the water tubes 
and to the slagging of the refractories in 
the furnace chamber. Pulverized coal 
installations are of two types: namely, 
the dry bottom, and the slag-tap types. 
At first glance, it appears that an ideal 
solution of the entire clinker problem is 
presented by these two types of installa- 
tions. Whereas coals with high ash 
softening temperature might command 
a premium in stoker or dry-bottom 
equipment, they would be useless in the 
slag-tap installation. Just the reverse 
might be expected to be true in the case 
of the coals with low ash softening tem- 
perature. Asa matter of fact, this is a 
correct statement of the situation only 
within certain limits. While it is true 
that the ash with high softening tem- 
perature is useless in slag-tap furnaces, 
it is not true that all coals with low ash 
softening temperature behave similarly. 
Bailey and Hardgrove” state that “the 
slag-tap furnace can be successfully used 
for all coals where the ash has a fusing 
temperature below 2500 F.” 

McCausland” cites a case where one 
coal with an ash softening temperature 
of 2500 F. gave highly satisfactory re- 
sults at Deepwater, whereas another 
with an ash softening temperature of 
2330 F. caused considerable damage to 
the bottoms and unusual clinkering on 
the tubes. This presents an interesting 
case worthy of further elaboration. 
The slag wells were constructed of re- 
fractories and apparently could not with- 
stand the expansion and contraction 
created by the cooling effects of the slag 


at the various boiler ratings. With a 
“E.G Bailey and R. M. Hardgrove, “The Slag-Tap 
Furnace and Its Effect upon the Selection of Coal for 


Burning in Pulverized Form,” Proceedings, Third In 
ternat. Conference Bituminous Coals, Carnegie Institute of 
‘Technology, Vol. 2, pp. 349-369 (1931). 

2 J. R. McCausland, “Selection and Utilization of 
Fuels,” Proceedings, Nat. District Heating Assn., Vol. 23, 
pp. 100-125 (1932). 
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constant run of the same coal these 
cracks would frequently fill up with slag 
and be temporarily sealed. However, 
if a change of coal was made, and par- 
ticularly if the coal was high in iron and 
sulfur and created a new fluxing action, 
it would immediately purge the whole 
slag pit, open up the cracks that had 
temporarily been sealed, and leak out 
on the floor below. 

The matter of tube and wall slagging 
while considered for pulverized-fuel firing 
presents the same problem in all types 
of combustion when high air velocities 
are used. It is evident that any pre- 
diction of slag accumulation on tubes 
which is based solely on a study of coal 


TABLE II. 


Heat Release, B.t.u. per cu. ft. 
per hr. 


Wall Construction Ash Ash Ash 


Fusion | Fusion Fusien Fusion 
2200 F.| 2200 to 2400 to above 
and 2400 2600 F 2600 
below F. 
never | 12 500 | 15 000 | 15 000 
Air-cooled walls........ 12 000 | 15 000 | 17 500 | 18 500 
Water-cooled bottoms. .| 16 000 | 17 500 | 20 000 | 22 000 
Water walls........... 17 500 | 22 000 | 30 000 | 32 000 
Complete water-cooled 
Sats oad vases 19 000 | 24 000 | 32 000 | 36 000 


ash as a whole must be erroneous. 
While in grate firing the bulk of the ash 
remains in the bed and the various com- 
ponents may be brought into more or less 
intimate contact with each other, the 
condition along the walls and among the 
tubes in the combustion space is quite 
different. Since only selected portions 
of the ash may arrive at such points, 
the behavior of individual components 
becomes of great importance. Sher- 
man” has concluded from his studies that 
the “selective deposition of the material 
on boiler tubes shows that the possibility 
uf slagging of the tubes cannot be pre 


2R. A. Sherman, “A Study of Refractories Service 
Conditions in Boiler Furnaces,” Bulletin 334, U. S. Bureau 
of Mines (1931). 


dicted accurately from the composition 
and softening temperature of the ash.” 

Fettke and Stewart™ have recently 
reported on an elaborate investigation 
of the slagging of refractories by ash from 
coals of western Pennsylvania. They 
conclude that the temperature of the 
refractory surface must exceed the ash 
softening temperature before erosion of 
the refractory can occur. However, cer- 
tain types of refractories show no erosion 
at temperatures appreciably above the 
ash softening temperature. ‘Hence the 
ash softening temperature as measured 
by the A.S.T.M. method is not an exact 
measure of the critical temperature 
above which slag attack starts.”’ 

It is evident that many factors are 
involved in the successful burning of 
coal in pulverized fuel installations. 
Rowan, in a letter to the author, sug- 
gests a general relationship between (a) 
the number of B.t.u.’s released per 
cubic foot of furnace volume per hour, 
(6) the amount, character, and softening 
temperature of the ash in the coal, and 
(c) the type of furnace in which the 
coalis burned as presented in Table II. 

An excellent discussion of this phase 
of the subject is contained in the 1936 
report of the Combustion Subcommittee 
of the Prime Movers Committee,” from 
which the following is quoted: 


The furnace section of the unit is pos- 
sibly the most important element in the 
design. Satisfactory furnace performance 
is obtained when the unit will operate with- 
out slagging of the convection tube bank, 
the water walls will withstand the intense 
heat developed in the process of combustion 
of fuel, and the carbon loss will be at a 
minimum. ‘The combination of slag-screen 
and slag-tap furnace represents the most 


“C. R. Fettke and W. E. Stewart, “The Slagging 
Action of Western Pennsylvania Coals on Different Types 
of Refractories in a Small Pulverized Coal Installation, 
Bulletin 73, Mining and Metallurgical Investigations, 
Carnegie Institute of Technology (1936). : 

25 Report of the Combustion Subcommittee of the Prime 
Movers Committee, Publication D7, Edison Electric 
Inst. (1936). 
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popular current development to improve 
furnace performance. 

Regardless of the type of boiler and the 
method of pulverized coal firing employed, 
the temperature in the active zone of com- 
bustion will approximate 3000 F. The ex- 
tent or volume of this zone of high tempera- 
ture will vary in accordance with the type 
of heat-absorbing surface used, the volume 
of the chamber in which active combustion 
occurs, and the method of firing or type of 
burner employed. 

To maintain the boiler tube bank in a 
slag-free condition, the temperature of the 


facturers. It therefore becomes a more or 
less practical design problem to establish 
the heat absorbing area necessary to pro- 
duce the proper gas temperature in order 
to prevent slagging and at the same time 
to maintain superheat at the proper value. 
The range of gas temperatures to accom- 
plish these ends, particularly in installations 
having steam temperatures 900 F. and 
higher, narrows down to fairly close limits... 
The slag-tap furnace as originally de 
signed was for intermittent tapping; how-— 
ever, in some of the most recent installations 
a continuous-tapping arrangement has been 


TABLE 


Company 


Appalachian Electric Power Co.... 1931 
Buffalo General Electric Co 1930-1931 
Deepwater Operating Co 1929 


E.I.du Pont de Nemours and Co... 1936 


1935 


1935 
Neo York Power and Light Corp.. A 1932 


Northern Indiana Public Service | 


Ohio Power Co 

Philadelphia Electric Co 

Potomac Electric Power Co 
Public Service Company of North- i 30 
ern Illinois 

1930 
1931 


Super Power C ompany of Illinois...|_ 1930 


gases entering the boiler tube bank should 


320 000 | 


Maxi- 


mum 


Date of (Steaming) Release 
Installation) 


Rate, 


lb. per 
hr. 


| 355 000 


560 000 
320 000 


75 000 | 
350 000 | 


600 000 | 


| 375 000 
| 300 000 


500 000 


120 000 | 
150 000 
45 000 


Maxi- 
mum 
Heat 


Satis- 
factory 
Tap- 
ing, 
per cu. | per cu. 
| ft. per ft. per 

r. | hr. 


teu. 


14 000 
6 900 
18 200 


11 800 
10 300 


19 950 
35 700 | 
18 200 | 


25 300 
24 100 


31 750 
33 400 


160 000 | 
350 000 | 


345 000 


23 900 
31 800 | 22 200 


29 000 
30 000 
35 
26 500 
27 200 


20 000 
30 000 
28 000 
22 100 
19 000 


30 000 
32 000 
27 400 


21 300 
16 800 


15 880 | 


| 
15 000 


Fusion Point 
of Ash, deg. 
Fahr. 


Type of Fur- 
nace 


Maintenance, 
cents per ton 
of coal 


2 800 
2 100 to 2 500 
2 450 


2 200 

2 100 to 2 200 | 
| 

2 100 to 2 200 | 


2 300 to 2 400 
2 300 


1 900 to 2 100 
2 300 


2 500 to 2 600 
2 100 
2 100 


2 300 
2 400 
1 950 


Water cooled 
Water cooled 
Water cooled 


Water cooled 


Water cooled 
Water cooled 


Water cooled 


Water cooled 

Jater cooled 
Water cooled 
Water cooled 
Water cooled 


Block 
Block 
Water cooled 


adopted. One company is now 


8 (4 yr. 
average) 


5.6 (Boiler 


converting 


approximate the fusion temperature of the 
ash. Temperatures somewhat higher than 
the fusion temperature are permissible in 
some cases, depending on the spacing of the 
first few rows of the tube bank and the 
number of vertical rows of tubes installed. 
It is clear then that for successful operation 
the heat absorption or the temperature drop 
from the combustion zone to the boiler 
tube bank must be substantially the same 
in all makes of furnaces. 

Heat transfer rates through water walls 
by radiation have been fairly well established 
for the many different types of water cool- 
ing construction used by different manu- 


a furnace from dry-bottom to continuous-— 
tapping design, while another has recently — 
installed a continuous slag-drip furnace to 
replace stoker-firing equipment. Severa 
operating companies state that the design 
of burners and method of firing have an 
important bearing on the ease of tapping 
the slag. Iron sulfide still seems to be a 
disturbing element with some slag-tap 
installations, as brought out in several 
operating company statements. Three 
companies report troubles with slag spout 
wear which has been eliminated by water 
cooling the slag spout and making the spout 
liner of special materials. 
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The committee has gathered data on 
— over-all furnace heat release and furnace 
- maintenance cost for slag-tap boilers from 
a number of operating companies and two 


industrial companies. These data are 
shown in Table ITI... 

The heat liberation per cubic foot of 
furnace volume per hour has been used to a 
considerable extent as a measure of operat- 
- ing and design results. This unit, how- 
ever, merely gives an overall result and a 
somewhat uncertain relationship between 
total furnace space and fuel consumed.... 

In connection with the value of heat-re- 
lease data, the statement of one manufac- 
turer reports that: ““The experience of this 
company indicates that a better index of 
furnace performance than the heat release 
per cubic foot is the heat release per square 
foot of furnace cooling surface. In small 
furnaces the available wall area per cubic 
foot of furnace volume is greater than in 
large furnaces, hence higher heat releases 
per cubic foot of furnace volume are pos- 
sible in small furnaces.” 


Tables IV and V, which show the 
relationship between ash softening tem- 
perature and maximum furnace heat 
release in dry-bottom and slag-tap fur- 
naces, are quoted from the 1935 report 
of the Combustion Subcommittee of the 
Prime Movers Committee, Edison Elec- 
tric Institute.” 

Domestic and Miscellaneous Uses.— 
Johnson?’ has reported on some very 
interesting experiments with an 18-in. 
round boiler of the domestic type using 
anthracite. A cooling surface, consist- 
ing of a water-cooled cylinder in the 
heart of the burning coal was installed 
in the boiler. With an anthracite coal 
having an ash softening temperature of 
2300 F., the maximum burning rate 
(without clinker trouble) was increased 
from 3.8 lb. per sq. ft. per hr. to 8.4 


Report of the “Combustion Subcommittee of the 
Prime overs Committee, Edison Electric Institute, 
Publication C-6, 1935. 

27 Allen Johnson, ‘ ‘Furnace Conditions as Related to the 
Formation of Clinker,” Report No. 2326, Anthracite 
Institute Laboratory, October 22, 1936. 
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Ib. per sq. ft. per hr. with chestnut 
size and from 5.0 lb. per sq. ft. per hr. 
to 10.1 lb. per sq. ft. per hr. using 
stove size by means of this simple 
expedient. 


TABLE IV.—RELATION OF ASH-FUSION TEM? 
ATURES AND FURNACE HEAT RELEASE 
| For Dry-AsH REMOVAL. 


Sac 
Companies with Dry-Ash lag 
g. Fahr. 2% 
| 
ama 
Cleveland Electric Illuminating 
2 200 18 600 
The Detroit Edison Co.......... 2 500 15 000 
Edison Electric 
Company of Boston. . : .| 2 350 to 2 900 | 28 000 
Hartford Electric Light Co... P 2 650 30 000 
Kansas City Power and Light Co.. 1 900 20 000 
reyes Electric Railway and 
2 100 18 000 
Penna. W al and Power Co.... 2 600 20 000 
Public Service Electric and Gas | 
ES a 2 400 to 2 600 | 25 000 


West Penn Electric RARER 2 350 | 18 070 


TABLE V.—RELATION OF ASH-FUSION TEMPER- 
ATURES AND FURNACE HEAT RELEASE 
FOR MOLTEN-ASH REMOVAL. 


Furnace Heat 
Release, 
Ash Fusion t. per hr. 
Companies with | 
perature, 
deg. Fahr. | Mini- | 
mum | Maxi- 
forTap-- mum 
ping 
Buffalo General Electric | 
| 2 100 to 2 500 | 6 35 700 
Deepwater Operating 
ER phe 2 260 to 2 420 | 20 300 
Ohio Edison Co....... 2 000 to 2 500 | 10 000 | 25 000 
Oklahoma Gas and Elec- 
i: See 2 000 to 2 200 | 14 400 | 25 000 
Public Service of 
a eee 2 a to 2 550 | 22 000 | 
West Penn Electric Co... 350 


ih 17 070 | 24 800 


In the case of the blue gas generator, 
Warnick?* has made a careful study of 
the causes of clinker formation. He 
lists the character of the ash, the fusing 
temperature of the fuel bed, the length 
of the operating cycle, and the rate of 


“Cleaning of Generato r Fires and 


J. H. Warnick 
’ Proceedings, Am. 


Progress Towards Clinker Prevention,’ 
Gas. Assn., pp. 816-819 (1924). 
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blasting as of importance in this respect. 
According to Warnick: 


Clinker troubles are at a minimum when 
the fusing temperature of the ash is between 
2300 and 2500 F. As the ash fusing tem- 
perature is lower or higher than the limits 
stated above the troubles develop in the 
formation of clinker on the grates or on the 
walls of the generator lining. 


This is readily understood if one keeps 
in mind the mechanism of operation of 
the blue gas generator. The alternate 
blasting and steaming of the fuel causes 
a temperature cycle that reaches a maxi- 
mum at the end of the blast and a mini- 
mum at the end of the run. Since 
clinker is formed by solidification of a 
fused slag, the coals with high ash soft- 
ening temperature will form clinker high 
up on the generator lining. Those with 
low ash softening temperature will yield 
a slag that remains fluid on the grates 
and forms the very troublesome pancake 
clinker. On the other hand those with 
medium ash softening temperature will 
fuse in the hot zone and solidify on the 
way down to the grates. 

The present practices in water-gas 
manufacture, which include with the 
alternate blasting and steaming cycles 
a split-up of the steaming cycle into 
up and down steaming, can be used to 
vary the position of the clinker. To 
illustrate this with the same fuel, if we 
were blasting and using steam in the up 
direction our hot zone would be toward 
the upper part of the fuel bed in the 
generator. If we were blasting and 
using steam in the down direction, our 
hot zone would be in the lower part of 
the fuel bed in the generator. By 
varying the time of the up and down 
steam runs, we can control the position 
of the hot zone and to a considerable 
extent the clinker line which assists con- 
siderably in cleaning the generator. 

Warnick has also pointed out that the 
fusing temperature of the ash bears a 
definite relation to the quantity of air 
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that can be blasted through the fire 
during a blow. With a softening tem- 
perature as low as 2200 F. the blasting 
rate per square feet of grate per blow 
should not exceed 350 to 400 cu. ft. 
As the softening temperature approaches 
2600 F. the blasting rate can be increased 
to a figure as high as 500 to 550 cu. ft. 
per sq. ft. grate area per blow. 

The effect of the coking process on the 
ash softening temperature has been 
studied by several laboratories with a 
general conclusion that the softening 
temperature of the ash in the coke is, 
within the limits of precision of the 
test, the same as that of the original coal. 

If such investigations are made by 
using the standard methods of determin- 
ing ash fusions, the results should show 
within the limits of the precision of the 
test the same ash fusion as that of the 
original coal. In the process of coking 
the oxides in the ash may have been re- 
duced ashes and therefore the ash should 
be the same as the original coal ash 
which is also reoxidized. 


COMPOSITION OF CoAL ASH 


For a long time the problem of relat- 
ing the ash analysis to the ash softening 
temperature in such a way as to make it 
possible to calculate the latter from the 
former was considered to be too complex 
for solution. However, within the past 
several years at least two methods of 
calculating ash softening temperature 
from ash analysis have been worked out. 
There are nine components in coal ash 
that influence the softening temperature 
to varying degrees. These are SiOz, 
Al.Os, Fe,0s, CaO, MgO, K.O, Na,O, 
P.O;, and TiO.. Of these, it may be 
said that the effects of TiO. and P.O; 
are negligible; other factors being equal, 
the higher the ratio of AloOs to SiOz, the 
higher will be the softening temperature; 
the higher the percentage of alkalies, 
alkaline earths and iron oxide, the lower 
will be the ash softening temperature. = 
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The presence of quantities of iron 
oxide in the ash in excess of 20 per cent 
is accepted by some technologists as 
being responsible for serious clinker 
trouble. Thus McCausland?’ believes 
that iron oxide in the case of slag-tap 
furnaces is likely to be detrimental and 
Barkley” refers to the use of the follow- 
ing clause in certain Government specifi- 
cations for the purchase of coal: 


The ash softening temperature limits 
given in Schedule 1 are for coals having not 
more than 20 per cent iron oxide in the ash. 
The right is reserved to reject bids offering 
coals having higher than 20 per cent iron 
oxide if the ash fusion temperature is less 
than 2700 F. 


It must be emphasized that exceptions 
occur. McCausland?? has written of 
such a case: 


Recently we tested a medium volatile 
coal from Central Pennsylvania in which 
the iron oxide was approximately 28 per 
cent, the volatile 18.59 per cent and the 
ash 10.60 per cent. This particular coal 
seemed to have a purging action on the 
boiler, not only cleaning off all the old slag 
but continuing to free itself. Of course it 
"required a longer tapping period and some 
extended operation of the mills due to the 
increased ash. Whether after a longer du- 
ration of time we would find that the fly 
_ash from this coal deposited in another part 
of the boiler and gave trouble I am not in a 
_ position to say but during the week’s opera- 
tion it completely purged the boiler of all 
clinker formation. The fluid on this coal 
according to A.S.T.M. standards was 2550F., 
whereas in the initial it was 2170 F., 


criterion. 


It should be emphasized that Barkley 
was one of the first to attempt a correla- 
tion of the ash softening temperature 


His conclusions published as Report of 
Investigation No. 2630 in August, 1924, 


29 Private communication. 


by the U. S. Bureau of Mines are equally 
applicable to the situation today. 

For a detailed discussion of the prop- 
erties of slags and the effect of composi- 
tion on these properties the reader is 
referred to two papers by Nicholls and 
Reid.” 

Certain special-purpose coals may re- 
quire the presence or absence of certain 
mineral components in utilization. The 
most important of these are calcium 
oxide which is a desirable component 
in the case of the cement industry, and 
phosphorus and sulfur which must be 
kept at a minimum in coking coals des- 
tined for the iron and steel industry. 


EPILOGUE 


Completion of this manuscript leaves 
the author with an air of uncertainty as 
to just what has been accomplished 
thereby. ‘Thousands of ash softening 
temperature determinations have been 
made and are being made. What is 
the significance of all this laboratory 
work? Hundreds of contracts include 
an ash softening temperature specifica- 
tion. Why? ‘Thousands of consumers 
with various types of equipment show a 
preference for coals with ash softening 
temperature over 2700 F. Is there any 
logic in such a situation or are many of 
these consumers in the same situation 
as was early reported by the Committee 
on Use Classification of Coal for Station- 
ary Steam Generation as indicated by 
the following quotation :*! 


On the other hand there are numerous 
specific cases which demonstrate apparent 
lack of knowledge of the relationship be- 
tween coal characteristics and plant per- 
formance. Several plants report clinkering 
as a major consideration in the choice of 


wp. Nicholls and W. ‘T. Reid, “Fluxing of Ashes and 
Slags as Related to the Slagging. Type Furnace,” Trans- 
actions, Am. Soc. Mechanical Engrs., Vol. 54, pp. 167-19 
(1932); “Slags from Slag ‘Tap Furnaces and ‘Their Proper: 
ties,”’ Vol. 56, pp. 447-465 (1934). 

3% Thomas W. Harriss, Jr., “Use Classification of Coal 
for og Generation,” presented at the New York meeting 
a Inst. Mining’ and Metallurgical Engrs., February, 
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coal, and also definitely state that the fusing 
point is either “not known” or “not deter- 
mined.” A still larger number, though of 
course a small minority of the whole num 

ber, report clinkering of major importance, 
and at the same time report the use of coal 
having a fusing point in the neighborhood 
of 2300 F., though these plants were all 
situated in an area where much higher 
fusing point coal is easily obtainable. Three 
plants, all operated by the same company, 
all indicating clinkering as important, and 
all using anthracite, report the fusing point 
as 2300 F., although it would take a very 
careful search of the anthracite fields to 
find any coal having a fusing point any- 
where as low as that. 

Another plant reports clinkering as its 
first consideration, next to cost, and gives 
2375 F. as the fusing point of its first choice 
of coal, and 2800 F. for its second choice. 


One conclusion that might be reached 
is that expressed by Barkley in a letter 
on this subject: 


I find the use of the ash softening tem- 
perature very helpful in purchasing coals 
for the hundreds of plants in the Govern- 
ment service. Although not absolutely ac- 
curate it is sufficiently so to be used as a 
practical guide, particularly in eliminating 
coals from consideration. Its use must, of 
course, be accompanied with considerable 
judgment in each individual case. I have 
not found it expedient to make any studies 
in connection with coal use on any of the 
other determinations, such as flow interval, 
etc. I understand that certain individual 
plants have found it desirable to consider 
along with the ash softening temperature, 
the initial deformation temperature. One 
of the first things I wish to know about any 
coal is its ash softening temperature. I 
consider it a very important laboratory de- 
termination, even if its use in anticipating 
clinker or slagging troubles in practice is 
not asimple 1 + 1 proposition. Experience 
builds up knowledge how to make use of 
the factor. 


The author prefers however to sum 
the matter up in another way. It is 
evident that clinker formation is a 


Ya ON AsH SOFTENING TEMPERATURE 


391 


resultant of many contributory causes. 
The coal, by virtue of its mineral matter, 
supplies the raw material from which 
clinker is formed. ‘The process of forma- 
tion is, however, dependent upon factors 
largely independent of the mineral mat- 
ter in the coal. ‘The process is one of 
physical and chemical reaction in a 
complex system of silicates, and, like 
all chemical reactions, is aided and 
abetted by heat and agitation. Time 
of course is another factor, but it is 
closely related to heat and agitation. 

Clinker trouble is an ailment that 
affects the consumer, and frequently his 
natural reaction is to blame the coal. 
This is not surprising in view of the 
fact that he is often able to switch to 
another coal, and quick-witted sales- 
men are always ready to offer another 
coal “guaranteed” not to clinker. A 
state of mind thus grew up which at- 
tached clinker trouble to some property 
of the coal, and this was aided and 
abetted by the fuel technologist who 
said: “Here is a property called fusi- 
bility. It is responsible for clinker 
formation.” There has thus been a 
tendency among some consumers to 
overlook the many other factors that 
are necessary to clinker formation. 

The author believes that the impor- 
tance of ash fusibility as measured by 
the standard A.S.T.M. ash softening 
temperature test has been over em- 
phasized. Had there been no coal with 
highly refractory ash, the problems inci- 
dent to ash disposal (including clinker- 
ing, etc.) would have been solved by 
equipment design and firing practice. 
Since the reserves of coal with highly 
refractory ash are not large, these prob- 
lems will ultimately have to be solved 
in that manner. 

In the meantime it is evident that the 
present ash softening temperature 
method is only a qualitative index of the 
probable severity of clinker formation; 
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consequently, a search will continue for 
‘methods which offer promise of being 
better indices. Several such interesting 
developments are under way, but, since 
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this paper is concerned only with the sig- 
nificance of the present standard meth- 
ods, a discussion of these is beyond its 
scope. 
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Mr. J. F. Barkiey! (presented in 
written form).2—Mr. Gauger indicates 
that the ash softening temperature of a 
coal is not the index of clinkering tend- 
encies that many may have assumed 
it to be. The ash fusion of a coal as 
determined in a laboratory shows what 
happens to the ash of a coal under certain 
conditions. Observation in the plant 
will show that this laboratory determi- 
nation is not the only factor involved in 
cinkering. It is, however, an important 
factor that should be given consideration. 
How and to what extent it should be 
given consideration depends upon the 
individual case. 

As a simple example, assume a plant 
with underfeed stokers operating under 
certain required conditions. From ex- 
perience it is learned that when a 14-in. 
slack coal from a given seam is used, an 
ash softening temperature of say 2500 F. 
gives satisfactory conditions from a 
clinkering standpoint. We will further 
assume that in handling the coal in the 
plant, a great deal of segregation in size 
takes place. It might be found that 
satisfactory conditions from a clinkering 
standpoint could be had with coals of a 
lower ash softening temperature if: 

1. Segregation of sizes could be pre- 

vented. 

2. A different size coal were used. 

3. Coal from a different mine or seam 

were used. 

4. Coal with a lower ash content were 

used. 

_ ‘Supervising Engineer, Fuel Economy Service Station, 

. Bureau of Mines, Washington, Bb. ¢€ 


’ Published by permission of the Director, U. S. Bureau 
Mines. (Not subject to copyright.) 


DISCUSSION 


5. Various adjustments in the stoker 
were made. 

6. Better stoker operators provided. 

7. Lower CO: were carried. 

8. More boilers were put on the line. 

9. Certain changes of a minor or 

major nature in the equipment 

were made. 
Such a list could be extended to cover 
many factors. When such changes are 
made that are economically and practi- 
cally feasible, a status is usually reached 
where the ash softening temperature 
factor has considerable significance. The 
actual temperature might not be the 
same for coals from different seams or of 
different sizes; but experience has shown 
that decisions can be made more readily 
and at less cost if the ash softening tem- 
perature is known. One case comes to 
mind where no cognizance was taken of | 
the ash softening temperature in search-- 
ing for a satisfactory coal. Some forty 
coals were tried out at much expense and | 
trouble. Three were found to be satis-_ 
factory. Later, the case as a whole, 
including the coal analyses and the ash 
fusion temperature, was referred to an 
experienced fuel engineer. Without 
knowing the results of the trials, he 
picked out five coals that he would have 
recommended for trial, all three of the 
satisfactory ones being included. 

Any attempt to make an all-inclusive’ 
correlation of the ash softening with 
probabilities of clinkering should be in 
a form that is simple and readily appli- | 
cable to any individual case. Many 
studying this problem have long desired 
that accurate and complete observa- 
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tions be made at many individual plants 
of all factors related to clinker formation. 
It is conceivable that all such observa- 
tions might be summed up in the form of 
an all-inclusive correlation, but such a 
formula, if it could be devised, would be 
so cumbersome and complicated that it 
would be of value only to a few. At- 
tempts at all-inclusive correlation may 
lead one into the position of the con- 
fused viewpoint of the man who could 
not see the forest because of the trees. 
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products of combustion and part r 
maining. 

Whatever might be the general tech 
nical significance of the ash softening 
temperature to clinkering tendencies on 
the basis of some chosen scheme of cor. 
relation, its economic significance js 
attested by the demand over a period of 
years for such analyses. 

Mr. A. W. TuHorson® (presented in 
written form).—In The Detroit Edison 
Co. we analyze each of the coals we bum 
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Fic. 1.—Results of Burning Tests. 


Some coal users, at present, are search- 
ing for other relatively simple laboratory 
analyses that may fit their particular 
needs in anticipating clinkering diffi- 
culties somewhat better than does the 
standard ash softening temperature. 
It seems appropriate to mention a paper 
along these lines by A. H. Moody and 
D. D. Langan, of the United Electric 
Light and Power Co., entitled ‘Fusion 
Characteristics of Fractionated Coal 
Ashes,” published in Combustion, Octo- 
ber, 1933. This paper describes inves- 
tigations of: the relation of certain 
clinkering actions on underfeed stokers 
with the tendency of the ash to separate, 
part leaving the fuel bed with the 


for ash softening temperature by the 
A.S.T.M. method, for use as a guide in 
our coal selection. 

As an operating routine we also deter- 
mine the ash softening temperature of 
a composite sample representing each 
month’s supply of coal to each power 
house. 

Comparison of these data with clink- 
ering and slagging in the boiler furnaces 
has failed to show correlation within 
the limits of variation we normally et- 
counter (2400 to 2900 F. ash softening 
temperature). For example, a plant 
may have had no clinkering difficulties 


3 The Detroit Edison Co., Detroit, Mich. 
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one month when the average ash sof- 
tening temperature was 2450 F., and may 
have encountered some trouble the fol- 
lowing month when the average ash 
softening temperature was 2550 F. 

We attribute this lack of correlation to 
the fact that we are burning a mixture of 
coals from many seams and mines, and 
the proportions of the mixture vary from 
day to day. The average ash softening 
temperature from a composite sample, 
therefore, is not a reliable index. 

We have been able to show a much 
better correlation when burning indi- 
vidual coals. Results of burning tests 
are shown in the accompanying Fig. 1. 
These tests of proposed coals are made 
with two purposes in mind: first, to 
determine the tendency to clinker, and 
second, to determine whether the re- 
quired maximum combustion rate can 
be maintained. On the basis of these 
results approximately 2500 F. was se- 
lected as the minimum ash softening 
temperature permissible for our stoker- 
fired plants. The two high ash fusion 
coals were rejected because they lacked 
sufficient coking properties. When at- 
tempting to maintain the required maxi- 
mum combustion rate, an excessive 
amount of coke was blown from the fuel 
bed into the ash pit, resulting in intoler- 
able ash pit loss. 

The writer wishes to comment on the 
author’s Fig. 2, combustion rate versus 
ash softening temperature. Two more 
points, at variance with the bands, are 
offered. Successful operation has been 
maintained at Delray with coal of 
2500 F. ash softening temperature and at 
Conners Creek with coal of 2600F. 
ash softening temperature, both at com- 
bustion rates above 55 lb. per sq. ft. 
per hr. 

It is believed that combustion air 
temperature and size of stoker, neither 
of which was mentioned, also are fac- 
tors in the relation. Preheated air 
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raises the fuel bed temperature, thus — 
moving the band upward with increas- 
ing air temperature. As the size of 
stoker increases, the fuel bed becomes 
less uniform. Small zones at high rates — 
of combustion will cause clinker even 
though the average ash softening tem- 
perature, as measured by the cone test, 
appears reasonable for the average com- 
bustion rate. This factor also moves 
the band upward as stoker size increases. 
Zoned-air control, however, minimizes 
this latter factor. 

It is quite probable that the impor- 


emphasized by many. It is only one of 


tance of coal ash fusibility has been over- _ 


many properties to be considered in coal 
selection. It is useful, however, within 
its limitations, and we should not care 
to dispense with it unless a more reliable 
index were available. 

Mr. J. S. BENNETT, 3p.4—Mr. Thor- 
son has stated that the practical coal 
burning rates obtained when using zoned 
or “metered” air control with multiple 
retort underfeed stokers are much 
greater than those indicated by Fig. 2 
of the author’s paper. This is due, un- 
doubtedly, to the fact that a rate of 45 
Ib. per sq. ft. per hr. in Fig. 2 is an 
average rate and represents a maxi- 
mum rate in spots of say 75 lb. per sq. 
ft. per hr., while other sections have a 
rate of, say, only 20 or 30 lb. per sq. ft. 
Sectionalized air control forces the slug- 
gish portions to do their share of the 
work, and raises the average combustion j 
rate without increasing the maximum — 
rate, and consequently without increased 
difficulties. Any method that promotes | 
the uniformity of coal feed, of coal dis- d 
tribution, or of air flow, increases the 
permissible coal burning rate. The 
writer witnessed an 8-hr. run recently — 
where all three of these factors have been 7 
considered and although zoned air con-— 


4 Mechanical Engineer, American Engineering Co., 
Philadelphia, Pa. 
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trol was not employed, an entirely satis- 
factory rate of 80 lb. per sq. ft. per hr. 
was maintained when the air for com- 
bustion was supplied at a temperature 
of 560F. According to Fig. 2 the 
highest permissible rate would be be- 
tween 45 and 50 lb. per sq. ft. per hr. 
Care should be taken to remember that 
the data given in this figure represent 
past practice but do not represent a 
principle that need limit future perform- 
ance. 

Mr. P. (presented in written 
form).’—Mr. Gauger’s interesting paper 
rather fails to reach the definition called 
for by the title. He handicaps himself 
at the start in accepting the statement 
that “the ash softening temperature is 
intended to be an index of clinker 
trouble,” and as a result he finishes his 
review rather pessimistically in that 
he “believes the importance of ash fusi- 
bility . . . has been overemphasized.” Is 
it not nearer the truth to say that we 
have abused these measures and have 
attempted to give them a significance 
beyond that warranted; we have hoped 
that they would explain everything that 
is directly or indirectly associated with 
the ash in the utilization of the fuel con- 
taining it. We might almost as well 
expect the tensile strength of metals to 
predict what will happen to structures 
in which they are used without taking 
into account the design of the structure 
and the forces applied thereto. How- 
ever inadequate the ash fusion tempera- 
tures may be, at least they have filled 
a gap and we would be much handi- 
capped if this measure were not avail- 
able. We would be in much the same 
condition as we now are because of the 
lack of standard measures of the caking 
properties of coals and probably worse 
off, because . variations in the caking 

5 Supervising Engineer, Fuels Section, U. S. Bureau of 
Mines, Pittsburgh Experiment Station, Pittsburgh, Pa. 
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properties of a given coal are less than 
may be that of the ash of a given ship. 
ment from one mine. 

The author does not discuss the mean- 
ing of the cone fusion temperatures nor 
the justification for assuming that 
meaning, which should be the first con- 
sideration. The cone data go no further 
than attempting to define the tempera- 
tures at which finely crushed samples 
of the average of the whole of the ash 
will have similar degrees of fusion, which 
we might hope to mean equal viscosities. 
However, other factors than the viscos- 
ity enter into the deformation of the 
cone, namely, the surface tension of the 
slag, the restraint of the base, and the 
reaction between the slag and the base; 
the last action will materially affect the 
observation which gives fluid tempera- 
ture. It has not been shown how closely 
the fusion temperatures satisfy the 
assumption of the same viscosity for all 
compositions of the ash at the softening 
and at the fluid temperatures. That 
the viscosities may not be the same is 
indicated by the fact that the tempera- 
tures as determined depend on the rate 
of heating and may have other values 
if the ash is melted, reground, and then 
used in the cone. 

It is apparent that there is no justi- 
fication for claiming that the cone 
method of determining the melting 
properties of ashes is perfect. The ideal 
would be to use a method which would 
give a plot of viscosity against tempera- 
ture, but such determinations involve 
difficulties and are expensive, although 
the expense of determining two points 
for viscosities corresponding to the sof- 
tening and fluid temperatures would not 
be much less than determining enough 
points for a complete curve. It is ques 
tionable whether such expense would be 
warranted because of the inability in 
most application to fix the values for 
the other factors which affect the forms 
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the ash takes in the use the fuel is put 
to. Also, it cannot be claimed that we 
have attempted to make the full use of 
the fusion temperatures, because but 
rarely do we try to use any but the sof- 
tening temperature; a consideration of 
the fluid temperature and the fluid in- 
terval can sometimes be of advantage. 

A large interval between the initial 
and softening temperatures indicates 
that there are some constituents in the 
ash which are more fusible than the 
average ash which takes longer to com- 
bine; a long interval will occur if there 
is much free alumina and the intrinsic 
ash is low fusion. The interval between 
the softening and the fluid temperatures 
is the more useful, especially if the sof- 
tening temperature islow. This interval 
gives some measure of the composition 
of the ash, but not many of the cone 
data have been worked up as we have 
used a different method in most of our 
work on slags. In one instance six 
ashes all having a softening temperature 
of about 2000 F. were picked out and 
the fluid interval plotted against the 
percentage of (CaO + MgO); this plot 
gave a straight line within the accuracy 
of the cone data. The ash at one ex- 
treme had 45 per cent Fe-O;, 1.8 per 
cent (CaO + MgO), and a fluid interval 
of 370 deg. Fahr.; at the other end the 
interval was 110 deg. Fahr. for 15 
FeO; and 17 (CaO + MgO). This 
knowledge is very useful if one knows 
nothing about the composition of the 
ash. There is a limit to such interpreta- 
tion of the cone data because even with 
the same chemical analysis of the coal 
ash the melting of the cone depends on 
the mineral forms in its make-up. 

The author uses the terms “tendency 
to clinker” and “trouble” more or less 
interchangeably, but they are by no 
means synonymous. ‘Tendency _ to 
clinker is more nearly related to the 
fusion values and is the first step; 
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trouble is an indefinite statement which 
operators but rarely define, and it usu- 
ally involves more factors than the 
former term. The fusion temperature 
can be a good measure of the tendency to 
clinker if the conditions to which the 
ash is subjected approach those of the 
cone test, that is, if the coal pieces are 
very small so that the ash is well mixed. 
Such an instance is the similar burnings 
of coke made from small coal. 

If the pieces of extraneous ash are 
large and not well mixed, the ash fusions 
will not be true relative measures of 
the tendency to clinker, unless the 
method of burning be such as to main- 
tain the released ash in the high-tem- 
perature zones for a long enough time 
for the more refractory lumps to be ab- 
sorbed into the slag from the more 
fusible ash. The author does not em- 
phasize the importance of the time of 
exposure factor sufficiently; an Illinois 
coal of large size may often not show a 
tendency to clinker equivalent to its 
fusion temperature, partly because of 
lack of time for the ash to agglomerate, 
but mainly because the average tempera- 
ture of the fuel bed is lower (see p. 39 of 
footnote reference 3 of the paper). This 
explains the quotation from Mr. Gould of 
the less clinkering that he observed with 
Illinois as compared with Appalachian 
coals. It is doubtful if we would be 
much better off if we had complete 
viscosity curves; they would be useful 
in instances where the imposed condi- 
tions are relatively simple, such as in a 
slag-tap furnace, or for detail studies, 
but they are not required nor could the 
data be effectively used in most uses of 
coals, although that is no reason why we 
should rest satisfied with the present 


‘standard. 


No measures of the properties of the 
average ash, however complete, are suf- 
ficient by themselves for the prediction 
of clinkering troubles; they could not 
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relieve us of the necessity of evaluating 
the parts other factors play if we want 
to explain—not to mention predict— 
the ash factor. The action and effects 
of these other factors are often very 
complex and explaining is a great deal 
simpler than predicting. 

Mr. R. M. HarpGrove’ (presented 
in written form).—Previous discussions 
have pointed out that initial and fluid 
temperatures were not mentioned in the 
paper and that they should be consid- 
ered. Our comments are on this same 
phase of the subject. 

The consideration of softening tem- 
perature alone may be justified when 
considering clinkering in solid fuel beds, 
either hand fired or stokers, but in pul- 
verized coal furnaces both softening and 
fluid temperatures and the spread be- 
tween them have a significance that can- 
not be ignored. 

It is well known that slag in the fluid 
state will not build up in objectionable 
quantities and in water-cooled furnaces 
can be handled without difficulty. Also, 
ash in the dry state is not troublesome. 
In between the fluid and dry state is a 
sticky range which is most troublesome. 

A coal having a narrow spread be- 
tween softening and fluid temperature 
would be expected to change from the 
fluid to the dry state with a smaller 
change in gas temperature and the 
troublesome sticky zone would be re- 
duced to a smaller area. 

We would urge all published reports on 
this subject to include all three points 
in the laboratory determination of ash 
fusion, and we might also point out that 
a very fertile field for coal research work 
lies in reducing the spread between sof- 
tening and fluid temperatures. 

Mr. R. L. Rowan.*—The interval 


7 Engineering Design, The Babcock & Wilcox Co., New 
York Cy : 
8 Fuel Engineer, General Coal Co., Philadelphia, Pa. 


Washington, D. C. 


between the initial deformation and the 
final fluid temperature might well bear 
further investigation. Many coals that 
have the same fusion temperature as 
determined by the A.S.T.M. method do 
not perform exactly the same under the 
same installation. I recall two coals, 
one from the No. 3 Pocahontas Seam and 
the other from Sewell Seam of the New 
River field. Both of these coals had 
about the same fusion temperature but 
they produced an entirely different type 
of clinker. One made a very objec- 
tionable clinker to handle and the other 
one made a fairly easy clinker to remove 
in the dump type multiple retort under- 
feed stoker. The predominant difference 
was in the interval between the initial de- 
formation and the softening temperature, 
and the softening temperature and the 
fluidtemperature. In the case of the coal 
that made the objectionable clinker the 
interval was very small and in the case of 
the coal that did not make objectionable 
clinker the interval was large. While | 
have no engineering data to support this 
belief my impression from seeing coals 
burn in a number of different installa- 
tions is that possibly some more light 
could be thrown on this subject if more 
data were published and more thought 
was given to the interval between the 
initial and fluid, as well as the softening 
temperature. 

THE CHAIRMAN (Mr. A. C. Fieldner’). 

Experiments have been made on the 
relation between ash softening tempera 
ture and clinker formation of coals in 
comparison to high- and low-tempera 
ture cokes made from the same coals 
Possibly Mr. Gilmore of the Canadian 
Department of Mines has some informa- 


tion on this point. 


9 Chief, Technologic Branch, U. 5S. Bureau of Mine 
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our publications. 
difference to the lower fuel bed tempera- 


Mr. R. E. Grtmore.’!°—Our informa- 


tion on the point just mentioned is 


limited. From a coal having a particu- 
larly low ash fusion temperature averag- 
ing about 2000 F., the high-temperature 
by-product coke produced had _ notice- 
able clinkers, whereas the low-tempera- 
ture coke made by the Illingworth 


_ process from this particular coal showed 


practically no clinker trouble. The de- 
tails of these tests are available in one 
We attribute this 


ture; the low-temperature coke is con- 


siderably more reactive or, I should say, 


the rate of burning is higher, so that the 
net result is an ash bed temperature 
below the fusion temperature of the ash 
hence no clinker trouble. 

Although the reactivity of the two 
cokes was not determined directly we 
have data on the rate of burning. I 
believe experts give different definitions 
for reactivity and rate of burning. 

We find that the melting range, espe- 
cially for the low ash fusion coals, is a 
significant factor. A melting range as 
high as 250 as against 50 deg. Fahr. 
produces quite a difference in the burn- 
ing of a coal; that is, assuming the same 
softening point of the ash. Ina series of 
burning tests conducted in a domestic hot 
water boiler at the Fuel Research Lab- 
oratories on domestic coals varying widely 
in rank, the ash fusion temperature has 
been correlated with the clinkering, 
caking and other characteristics much 
along the line followed by the U. S. 
Bureau of Mines at Pittsburgh. 

Mer. G. G. is very 
evident that the ash softening tempera- 
ture cannot be used as a sole criterion 
for determining the difficulty that will 
be encountered in burning a given coal 


10 Senior Engineer, Fuel Research Laboratories, Divi 
sion of Fuels, Canada Bureau of Mines, Ottawa, Ont., 
Canada. 

4 Fuel Service nae, Chesapeake & Ohio Railway 

Richmond, V. 
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in a particular plant or for judging the 
performance of one coal versus another. 
In addition to the ash content, caking, 
coking and other physical and chemical 
coal properties, the design of the boiler, 
furnace and appliances as well as the 
burning rate will materially influence 
the performance to be obtained from a 
given coal. The boiler room personnel 
and the human factor play an important 
part in the selection of a satisfactory 
fuel. 

Practically all coals possess certain 
characteristics which make them suit- 
able for use under specific conditions. 
Therefore, the conditions in each in- 
stance must first be ascertained before 
the question of the effect of ash softening 
temperature or any other property on 
performance in a given plant can be 
determined. 

Mr. Rowan mentioned using New 
River in place of Pocahontas coal and 
stated that in a number of instances he 
procured better results from one coal 
than another where the ash softening 
temperature was approximately the 
same. I have followed up the burning 
of some of these New River coals averag- 
ing in ash-softening temperature from 
2500 F. to 2600 F. in plants that pre- 
viously specified coals having much 
higher fusing temperature ash and they 
produced very satisfactory results. ‘To 
illustrate the part the human factor 
plays, I know of one plant in which the 
firing room personnel claimed they had 
to use a coal having high fusing tempera- 
ture ash and this resulted in the pur- 
chasing agent specifying a coal with an 
ash softening temperature of 2800F., 
containing not over 10 per cent ash. 
The owners of this plant were persuaded 
to test another coal that contained ap- 
proximately 6 per cent ash and 2600 F. 
fusion temperature. I do not recall the 


exact savings, but the equivalent evapo- 
ration per pound of coal was reduced from 
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18 to 20 per cent. I think most of this 
saving was made possible through over- 
coming certain adverse human factors. 

Mr. R. A. SHERMAN.'”—Mr. Gauger 
has included in his paper the suggestion 
I gave him, namely, that one of the 
principal reasons why the clinkering 
tendencies did not always check with 
the indications of the ash softening 
temperature was that the cone was made 
of finely-ground and intimately-mixed 
ash representative of the entire ash in 
the coal. In the furnace, however, the 
ash is never intimately mixed together. 

Mr. Gauger mentions this but states 
that he does not agree with it. I merely 
want to say that I still believe that this 
is a very important point. Let anyone 
take a look at pieces of ash and clinker 
discharged from even an_ underfeed 
stoker where the ash has the greatest 
opportunity to mix of any type of com- 
bustion. He will find that the clinker 
is still a heterogeneous mass with white 
pieces of unfused ash, black glassy slag, 
and intermediate shades of brown in 
various stages of fusion. 

I recently went over the analyses of a 
number of samples of slag and ash taken 
in connection with the investigation of 
refractory service conditions in boiler 
furnaces made a number of years ago 
when I was with the Bureau of Mines. 
I noted that although the composition 
of the sample which was representative 
of the total ash in the ash pit was quite 
similar to that of the ash of the coal 
fired, yet the composition of pieces of 
slag from various parts of the furnace 
differed materially from the original and 
had, where it was determined, quite dif- 
ferent softening temperatures. 

Mr. A. W. GAuGER™ (author’s closure, 


‘ “ Fuel Engineer, Battelle Memorial Inst., Columbus, 
Yhio. 

18 Professor of Fuel Technology, and Director of Min- 
eral Industries Research, The Pennsylvania State College, 
State College, Pa. 
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by letter).—This paper was written for 
the purpose of developing information 
which would assist Committee D-5 in 
preparing a pamphlet on the significance 
of tests of coal and coke. Such informa- 
tion could only result from a full and 
complete discussion of the subject; it 
could not be developed solely by the 
author. I am, therefore, grateful for 
the many thoughtful comments and the 
added data that have been presented in 
the discussion. 

Most of the comments bear out the 
author’s view that the ash softening 
temperature may not be considered 
apart from many other factors involved 
in coal utilization. Mr. Barkley, for 
example, has listed a number of such 
factors for a simple hypothetical case, 
and I am perfectly willing to admit that 
“with other factors suitably adjusted,” 
a status may be reached “where the ash 
softening temperature has considerable 
significance.” It is apparent that the 
interpretation of this temperature is 
not simple and general but requires ex- 
perience and judgment for proper con- 
clusions. 

Mr. Nicholls raises a question which 
seems to hinge on the definition of the 
word “‘significance.”” Without any de- 
sire to quibble over this point, which, 
after all, is relatively unimportant, the 
author wishes to state his interpretation 
of the word in this paper as “meaning” 
or “‘import” and further to restrict it by 
defining “signify” as “to show by a 
sign.” The ash softening temperature 
isasign. What does it show us? With 
such a definition are we not in substan- 
tial agreement when I say that the “im- 
portance has been overemphasized” and 
Mr. Nicholls says, “we have attempted 
to give them a significance beyond that 
warranted’’? 

The ash softening temperature is not 
a fundamental property of ash. The 
test is entirely empirical and can only be 
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justified on the basis of its usefulness in 
interpreting the behavior of coal in 
utilization. The evidence now before 
us indicates that it is useful but with 


certain limitations which have been’ 


brought out very clearly in the sympo- 
sium. 

With reference to the fluid interval 
and the viscosity of molten coal ash, 
those two factors were omitted ad- 
visedly. The importance of the vis- 
cous behavior of slags is recognized, and 
by viscous behavior I refer to the tem- 
perature coefficient of viscosity—that 
is, the rate at which viscosity changes 
with temperature—rather than to the 


absolute viscosity. Clinkers are not 
formed by flow alone but by a combina- 
tion of flow and solidification: In the 
modern coal-burning equipment operat- 


ing at high rating, almost any ash will 


be fused. Unless this fused slag con- 
geals in large hard masses that cannot 
be handled by the equipment, no clinker 
difficulty exists. The author’s personal 


view is that there is need for much more 
experimental work on the effect of 
mineral composition of the coal on the 
behavior of the ash in the fuel bed under 
the varying conditions met with in 
practice. 
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LABORATORY TESTS RELATING TO CAKING, PLASTIC, GAS- AND 
COKE-MAKING PROPERTIES OF BITUMINOUS COALS 


By O. O. MALtets! 


_ the manufacture of coke. 


A number of laboratory tests have 
been proposed by workers in the field of 
bituminous coal is an attempt to deter- 
mine the relative caking, plastic, gas- 


coke-making properties of bitu- 


minous coal with particular reference to 
None of these 
methods, however, has reached the state 
of a tentative or standard method of the 


_A.S.T.M. and only one method, the 


agglutinating value of coal,’ has been 
published as information. 
This condition, however, does not indi- 


~ cate a lack of interest in or of value of the 


information. The complexity of what 
is occurring, when bituminous coals are 
being heated, undoubtedly has largely 


accounted for the apparently slow prog- 


ress in developing and standardizing 
methods of test for determining the rela- 
tive caking, plastic, gas- and coke-mak- 
ing properties of bituminous coals. In 
1925 the Society’s Committee D-5 on 
Coal and Coke appointed a special sub- 


committee on Coking Index’ as a section 


of Subcommittee I on Methods of Test- 
ing. In 1927, this special subcommittee 


was made a regular subcommittee of 


Committee D-5 under the designation of 
Subcommittee VI on Agglutinating 
Value. In 1936, Committee D-5 


_ formed Subcommittee XV on Plasticity 


1 Manager, Inspection Division, Appalachian Coals, 
Inc., Cincinnati Ohio. 

2 Proposed Method of Test for Agglutinating Value of 
Coal, Proceedings, Am. Soc. Testing Mats., Vol. 34, Part 
I, p. 457 (1934). 

3 Proceedings, Am. Soc. Testing Mats., Vol. 26, Part I, 
p. 412 (1926). 

4 Proceedings, Am. Soc. Testing Mats., Vol. 27, Part I, 


492 (1927). 


and Swelling of Coal. This subcommit- 
tee held its first meeting at Chicago on 
March 1, 1937. 

Investigations have been conducted 
in a number of laboratories throughout 
the world on the caking and plastic 
properties of bituminous coal with re- 
gard to developing methods of tests 
which would be an aid in the study of 
the coking process or in selection of coals 
for the manufacture of coke. In Amer- 
ica, work on caking and plastic proper- 
ties includes studies at the University of 
Illinois ().5 Yale University (2), several 
laboratories in connection with plants 
manufacturing coke and gas (3, 4, 19), 
and the U. S. Bureau of Mines 6, 6, 
7, 8, 9). 

The only comprehensive study of cak- 
ing and plastic properties of bituminous 
coals that has ever been made is the work 
of the U. S. Bureau of Mines in connec- 
tion with a survey of the gas- and coke- 
making properties of American coals. 
This work (7) was started in 1927 when 
interest in this problem was crystallized 
by the Carbonization Committee of the 
American Gas Assn., which recom- 
mended cooperation with the U. S. 
Bureau of Mines in a “study of the 
present-day knowledge on the testing 
of coal for gas- and coke-making proper- 
ties.’ The American Gas Assn. started 
financial and technical cooperation (10) 
with the U. S. Bureau of Mines in 1928 


5 The boldface numbers in parentheses refer to the re- 
ports and papers appearing in the list of references appen 
to this paper, see p. 414. 
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and continued this cooperation during 
1929, 1930, and 1931. Since 1931, the 
work has been actively continued by the 
U. S. Bureau of Mines. It was recog- 
nized, at the outset that a study such as 
this “should be comprehensive and 
broadly fundamental” and that the 
“chemical and physical properties of the 
coal and the method of heat treatment 
should be correlated with the yields and 
nature of the products obtained; further- 
more, the results of laboratory investiga- 
tion should be correlated as far as pos- 
sible with commercial results obtained 
in the gas and coking industries.” In 
addition to both high- and low-tempera- 
ture carbonization tests and the usual 
analytical determinations, this study 
included determination of agglutinating 
value and various plastic properties 
according to the methods that were in 
the most general use or showed the most 
promise of yielding useful information. 

All the methods and apparatus used 
in connection with the survey of the gas-, 
coke- and by-product-making properties 
of American coals are given in U. S. 
Bureau of Mines Bulletin 344. The 
complete procedure for making the car- 
bonization tests was also published in 
U. S. Bureau of Mines Monograph 5. 
There is also a great deal of valuable 
information on the methods for making 
carbonization tests in the Proceedings of 
the American Gas Assn. (11, 12, 13). 

The results of the investigation of the 
gas-, coke- and by-product-making prop- 
erties for the first 30 coals have been sum- 
marized in U.S. Bureau of Mines Mono- 
graph 5. Results of the tests on some of 
the individual coals have been published 
in summarized form or in more detail 
in the Proceedings of the American Gas 
Assn. (14), Industrial and Engineering 
Chemistry (1), International Coal Con- 
ference (1931) (16), and in publications of 
the U. S. Bureau of Mines (17). 

In this paper, an attempt will be made 


_ minous coals. 
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to indicate some practical significance of 
the tests relating to caking, plastic, gas- 
and coke-making properties of bitu- 
However, because of the 
lack of data on a large enough range 
of coals in each group of the A.S.T.M. 
Tentative Specification for Classification 
of Coals by Rank (D 388 - 36 T)® and be- 
cause of the lack of correlation of avail- 
able test data with plant performance, 
it will be very difficult to indicate the 
definite practical significance of some of 
the tests now being used. 

An outline of the tests to be discussed 
follows: 

A. Caking Properties: 


1. Coke button from volatile mat- 
ter test. 


2. Agglutinating-value test. 
B. Plastic Properties: 


1. Resistance to gas flow test. 
_ 2. Swelling test. 


3. Plastometer test. 

4. Expansion during coking. 
C. Gas- and Coke-making Properties: 
1. High-temperature coking. 

(a) Laboratory distillation test. 

(6) BM-AGA carbonization 

test. 

(c) Box-coking test. 
_ Low-temperature coking. 

Before discussing the individual tests, 
it should be pointed out that direct prac- 
tical significance is not always possible. 
The author would prefer to think of most 
tests more as an aid rather than as a 
direct practical indication. Correlation 
of test data with plant performance in 
many cases is difficult largely because it 
is not feasible to reproduce, in small- 
scale laboratory tests, all the properties 
of the plant coal charge. Many proper- 
ties of the coal charge are, of course, due 
to the characteristics of the coal itself, 
such as proximate and ultimate analyses, 


6 Proceedings, Am. Soc. Testing Mats., Vol. 36, Part I, 
p. 812 (1936); also 1936 Book of A. S. T. M. Tentative 
Standards, p. 520. 
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calorific value, ash-softening tempera- 
ture and specific gravity of the coal, and 
these may be considered fairly fixed. 
Bulk density or cubic-foot weight, how- 
ever, is a most important property of 
any coal charge, which may be varied 
over a fairly wide range, particularly 
because of the content of added or sur- 
face moisture, range in size of coal pieces, 
and size-consist. 

A. CAKING PROPERTIES 
Many coals when heated at a uni- 
formly increasing temperature in the ab- 
sence of air, fuse and become plastic. 
Fieldner and Selvig (19) designate such 
coals as caking coals and they point out 
that coals possess this caking property in 
varying degrees. Two methods are 
being used for testing caking properties. 


1. Coke Button from the Volatile Matter 
Test: 


Rose (20) has pointed out that the 
simplest of all coking tests is doubtless 
the standard volatile-matter test. ‘The 
resulting coke button will indicate 
whether the coal is non-caking, poorly 
caking, or strongly caking. Such indi- 
cations, of course, have to be based 
mainly upon visual examination of the 
coke button. Laboratories testing a 
large variety of coals will often associate 
a certain type of coke button with certain 
types of coal. Low-volatile coals when 
heated in the standard volatile-matter 
test, usually expand to many times the 
volume of the original coal used for the 
test, and often the resulting coke button 
will completely fill the test crucible. 
The fairly strong-coking high-volatile 
coals generally fuse quite completely and 
form more or less spherical coke buttons, 
often several times the size of the 
original volume of the test coal, with 
some coke buttons from the most 
strongly coking high-volatile coals as 
large as one half of the volume of the 


test crucible. Weakly caking coals do 
not expand to any extent, and their 
resulting coke button will occupy about 
the same volume as the coal used for the 
test. The coke buttons from the fairly 
strong-coking coals are very porous and 
usually contain a fairly large cavity in 
the central portion. However, the coke 
buttons from the more poorly caking 
coals, usually are denser, since these coals 
do not swell to any extent upon applica- 
tion of heat in the volatile-matter test. 
Usually the center portions of the coke 
button from a poorly caking coal have 
“dropped,” and there are one or more 
decided fracture cracks across and 
through the coke button. In non-caking 
coals, there is practically no fusing to- 
gether of the coal particles, and the 
residue from heating is still in granular 
condition or will fall apart upon the 
application of a slight pressure. 

It is probably not generally realized 
to just what extent the coke button from 
the standard volatile-matter test is used 
as an aid in determining the caking 
property of coals. A few examples will 
suffice. Fischer 21) and Davis and Rey- 
nolds (22) used coke buttons from volatile- 
matter tests in their studies of the 
coking constituents of coal. Rose and 
Sebastian (4) also used coke buttons from 
volatile-matter tests in their laboratory 
study of moderate oxidation of coking 
coals during storage. The coke but- 
ton as an agglomerating index (23,24) 
was incorporated in the Tentative Spec- 
ifications for Classification of Coals by 
Rank (D 388-36 T)® in 1936 for deter- 
mining the requisite physical properties 
of semi-anthracite and high-volatile C bi- 
tuminous coals. The definition of ag- 
glomerating coals is given as follows: 
“Coals which in the volatile matter 
determination produce either an agglom- 
erate button that will support a 500-g. 
weight without pulverizing, or a button 
showing swelling or cell structure, shall 
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lo be considered agglomerating from the though not to the same extent, this 
ir standpoint of classification.” information (type of coke button) is 
it Turning to the burning of coals on of value in determining the results to 
e stokers, Tate (25) reported that he used be obtained in an underfeed stoker.”’ 
ly coke buttons obtained from rapidly The examination of the coke button 
id heating 2 g. of 100-mesh coal in a cov- from the standard volatile-matter test 
in ered porcelain crucible over a bunsen — has long been used as the first step in 
ce 
TABLE I.—AGGLUTINATING VALUES FOR STRAIGHT COALS. 

: U. S. Bureau of Mines Monograph 5 and Technical Papers 570 and 571. 
a- Dry Basis | ing Value 
ke Coal State County | 3 if == 
re ay | 545/45 
id 2 |2/16 15 16 
ng West Virginia McDowell Pocahontas No. 4 08/155 4.8 15750) 16.3) 1:10 
0- West Virginia Raleigh Sewe 1 2.1) 15720) 9.7) 1:15 
| §.6| 1:20 
he | 3.3) 1:25 
West Virginia Fayette Sewell 1.9 | 27.0, 2.415640) 7.6) 1:15 
ar | | 4.8) 1:20 
7 | | 2.9) 1:25 
he No. 4.... Maryland Garrett Davis : 14/224 9 9} 15 560) 12.2) 1:10 
Virginia Buchanan Clintwood 19 | 32.1; 8 ‘| 1:15 
4.4| 1:20 
2.9) 1:25 
ed 2.1) 1:30 
Alabama Jefferson Mary Lee W. 4.2 | 28.8) 15490) 13.0) 1:10 
Alabama Jefferson Pratt W. 3.0 | 32.5} 3.2)15450) 9.9) 1:10 
ed Virginia Wise Taggart 1.7 | 36.7) 2.7) 15450) 5.7) 1:10 
aa Canada British Columbia B 1.4 | 27.4) 6.3) 15410) 14 6) 1:10 
ng Alabama Jefferson Pratt 1.5 | 306 9 3| 15 380) 12.7) 1:10 
Pennsylvania Fayette Pittsburgh 1.9 | 34.3) 7.6) 15350) 10.9) 1:10 
vill Pennsylvania Fayette Pittsburgh 1.0 | 33.9| 8.6)15270) 1:10 
Pennsylvania Allegheny Pittsburgh 1.8 | 35.7) §.6)15240) 7.6) 1:15 
| 5.3] 1:20 
le- 3.3) 1:25 
Ne. 16.... West Virginia Boone Alma 2.1 | 38 5} 7.3,/15210) 9.3) 1:10 
he West Virginia Marion Pittsburgh 1.9 | 38.0) 6.1)15210) 13.3) 1:10 
ee Alabama Jefferson Mary Lee 1.2 | 28 2) 16.1) 15 200) 11.3) 1:10 
nd Pennsylvania Allegheny Pittsburgh 16 | 34 7.6)15190) 6.7) 1:10 
West Virginia Logan Chilton 2.2 | 37.0} 4.4) 15 190) 8.4) 1:10 
ym. No. 1W Pennsylvania Allegheny Pittsburgh W. 2.4 | 35.3} 60/)15170) 9.7) 1:10 
Pennsylvania Allegheny Thick Freeport 2.2 | 37.1; 6.4) 15 160) 10 2) 1:10 
ry > Se West Virginia Kanawha No. 2 Gas 1.9 | 39.6) 2.8)15150) 7.1] 1:10 
Kentucky Letcher Elkhorn 2.2 | 37.4) 2.2)15070) 4.3) 1:10 
ing No. 13 Alabama Walker Black Creek 3.1) 37.2) 2.7) 15050) 6.7) 1:10 
Pennsylvania Washington Pittsburgh 2.0 | 42.1) 8.2)14810) 7.8) 1:15 
ut | | 5 1| 1:20 
3.2] 3:35 
24) | 1:30 
ec- Utah Carbon L. Sunnyside 4.6, 407) 6.3)14570, 39) 1:10 
Illinois Franklin No. 6 79 349) 13.4)14460) 4.3) 1:10 
by Kentucky Muhlenberg Green River 10.1 | 40 3) 7.5) 14400) 8 6) 1:10 
er- Nore.—Coals Nos. 1 to 23, inclusive: Marshall-Bird Agglutinating Index. 
ies Coals Nos, 24 to 32, inclusive: U. S. Bureau of Mines Method. 
bi- flame as an aid in explaini f an estimation of the caki srties 
ame as an ald in explaining performance an estimation of the caking properties 
ag- of widely different coals on a chain grate of coals. Undoubtedly there are many 
a or overfeed stoker. He pointed out cases where the type of these coke but- 
ter that “one can readily visualize what tons would have value if correlations 
cal difficulty would be encountered in at- were made for definite kinds of industrial 
rg: tempting to burn a highly swelling coal application of coals such as reported 
“ on a grate where there was little or no by Tate in connection with a chain 
na agitation.” He also stated that “al- grate. There is a real need for informa- 
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tion with regard to the probable caking 
tendencies when coals are burned on 
stokers, both overfeed and underfeed, 
and both industrial and _ residential. 
Too much, however, should not be ex- 
pected of the examination of these coke 
buttons. They should be viewed with 
regard to serving as an aid. Of course, 
the wider the range in the caking char- 
acteristics, the more information such 
an examination should yield. The test 
is so simple and so available that all 


TABLE IT.—AGGLUTINATING VALUES FOR MIXED COALS. 
U. S. Bureau of Mines Monograph 5. 


15:1; 20:1; 25:1; and 30:1. Marshall 
and Bird (5) in their earlier investigation, 
used 10 parts sand and 1 part coal. 
The scope of the proposed method! 
states that: “This method is a small- 
scale laboratory test for obtaining infor- 
mation regarding the coking and caking 
properties of coal. It is an approximate 
measure of that material in coal which 
fuses and becomes plastic on heating.” 
The term “coking property” is a very 
general term and rather hard to define. 


ory | 24 | Aneluti 
a nating 
2 as 
23/33) on 
ae 80% Coal No. 17, Pratt; 20% Coal No. 7, Mary Lee 3.4 29 2) 6.4) 15520'10.11:1¢ 
100% Pratt 1.5 306 9 3 15 38012.7'1:10 
., 100% Mary Lee 1.2 216.1! 15 200,11.3)1:10 
| 
No. 5.......| 40% Coal No. 1 W, Pittsburgh; 60% Coal No. 4, Davis 1.5 |28.1| 7.6, 15 460/11.6)1:10 
No. 6..... :| 80% Coal No. 1 W, Pittsburgh; 20% Coal No. 4, Davis 1.3 133 7 5.5 1524010.6'1:10 
No. 1W.....| 100% Pittsburgh W. 2.4 6 0 15170) 9.71:10 
No. 4 100% Davis 1.4 |22 4, 9.9 15 560)12 2:1:10 
| | 
OS ar | g0% Coal No. 28, Pittsburgh; 20° Coal No. 27, Sewell 1.9 34.3 4 8 15340 7.81:15 
106%, Pittsburgh 1.8 7) 5.6 15240) 7.611:15 
100% Sewell 1.9 |27.0| 15640) 7.6)1:15 
es 80% Coal No. 22, Pittsburgh; 20% Coal No. 26, Sewell 1.8 (32.6) 4.9 15330, 8.2.1:15 
Pittsburgh 1.9 38.0 6.1, 15 210/13.3 1:10 
100% Sewell 1.3 (20.1) 2.1115 720) 9.7/1:15 
SS Sepes 80% Coal No. 22, Pittsburgh; 20% Coal No. 23, Pocahontas No. 4 1.3 32.9 60 1527010.21:10 
| 100% Pittsburgh 1.9 38 0 6.1 15 210/13 31:16 
08 15.5 4 8 1575016. 31:10 


| 100% Pocahontas No. 4 


Coals 24 to 30 inclusive: U. S. Bureau of Mines Method. 


possible applications should be com- 
pletely explored. 
2. Agglutinating-Value Test: 
Agglutinating values for coal in the 
proposed method! are obtained by 
crushing buttons made by carbonizing 
mixtures of 60 to 45-mesh Ottawa 
sand and 0 to 200-mesh coal in a stand- 
ard volatile-matter furnace under pre- 
scribed conditions. The tests are made 
at the following ratios of sand to coal: 


Rose and Sebastian («) point out that 
“most existing definitions do not describe 
the property, but refer instead to the 
quality of the coke which can be ob- 
tained.” In general, strongly caking 
or coking means: (1) on _ industrial 
stokers, a coking or matting over of the 
fuel bed which cannot be readily broken 
up by the normal operation of the stoker; 
(2) on the residential stokers, the forma- 
tion of coke trees which materially dis- 
turb the fuel bed; and (3) on the coke 
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plant, the production of a coke of a de- 
sired size which will stand the neces- 
sary mechanical handling without the 
production of excessive breeze coke. 

Considerable data on agglutinating 
values are available in the reports of 
the U. S. Bureau of Mines on their 
investigation of the gas- and coke- 
making properties of American coals. 
Table I contains data for straight coals, 
and Table II for mixed coals. The coals 
have been arranged according to their 
dry, ash-free calorific values. 

An examination of the agglutinating 
values in Table I fails to reveal any 
definite trend or relationship. In Table 
II the usual improving effect of addition 
of low-volatile to a high-volatile coal 
when such mixtures are coked, is not 
always indicated. Fieldner and Davis 
1), Commenting on the agglutinating 
values, say: “Individual coals of ap- 
proximately the same index vary widely 
in the stability of the coke produced. 
These deviations are of sufficient mag- 
nitude to invalidate the numerical ag- 
glutinating index at a single ratio as a 
reliable indicator of the strength or 
stability of the coke that can be pro- 
duced from the coal in question.” 

The U. S. Bureau of Mines (27) has 
compared the agglutinating values of a 
number of low-volatile coals with operat- 
ing observations for burning coal on 
stokers. The conclusions were (19) that 
“in general there is a fair correlation 
between results of the agglutinating- 
value test and the coking tendencies and 
the nature of coke formed on burning 
various coals in natural-draft equipment. 
For forced-draft equipment, the correla- 
tion was more erratic. More work 
needs to be done along these lines to 
show the practical application of this 
test.” 

Agglutinating indices do seem to have 
value for special purposes. Rose and 
Sebastian (4) used the agglutinating test 
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in their study of the changes in proper- 
ties of coking coals due to moderate 
oxidation during storage. They point 
out that “in the case of the coals which 
they tested (Pocahontas No. 3, Elkhorn 
No. 3 and Powellton seams), the agglu- 
tinating values were enormously more 
affected by oxidation than were proxi- 
mate and ultimate analyses and calorific 
values.” It would seem that the agglu- 
tinating-value test may have value as an 
indicator of oxidation and weathering. 
Fieldner and Davis (10) say that “a series 
of increasing coal-sand ratios, may prove 
to be a useful auxiliary test for special 
purposes.” 

Summarizing, two general statements 
probably can safely be made, based on 
the reported results of investigations 
of the agglutinating-value test: 

The agglutinating-value test has 
been found to have value for special 
investigation such as detecting deteriora- 
tion of coking properties of coal due to 
storage. 

2. The agglutinating-value test seems 
to have little value as a reliable index 
of the probable caking or coking prop- 
erties of a coal. 


B. PLASTIC PROPERTIES 


The tests to be considered in this 
discussion of plastic properties of coal 
are those which have been most largely 
used and for which there are the most 
related data. As in the agglutinating- 
value test, the reports of the U. S. Bu- 
reau of Mines of their investigation of 
the gas- and coke-making properties of 
American coals are again the source of 
our test data. Two tables of data, 
according to the three tests used by the 
U. S. Bureau of Mines, have been 
included to show the nature and trend 
of the results which have been reported 
to date. Table III contains data on 
plastic properties for straight coals, and 
Table IV contains data for mixed coals. 
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1. Resistance to Gas Flow Test: 


The method used by the U. S. Bureau 
of Mines to determine the resistance to 
gas flow is a modification of that de- 
scribed by Layng and Hathorne (1, 7). 
In this test, nitrogen is passed through 
a short column of a mixture’ of 10 parts 
of coal and 4 parts of electrode graphite 
while being heated in a glass tube held 
in a vertical position at prescribed condi- 
tions. The temperatures are noted 
when resistance develops in the passage 
of gas and when the resistance drops. 

Usually this method has been referred 
to as a melting-point method, and the 
temperature where resistance develops 
is considered the melting point of the 
coal under the conditions of this test. 

For the 32 coals listed in Table ITI, 
the low-volatile coals have the highest 
melting point, approximately 445 C. 
The melting points of most of the high- 
volatile coals were in the range of 380 
to 400 C. The low- and medium-vola- 
tile coals had decidedly longer plastic 
ranges, from 80 to 133. The plastic 
range for most of the high-volatile 
coals was from about 45 to 60 C. Only 
one coal in this group, a high-volatile 
coal from the Millers Creek seam, 
showed no plastic range. These data 
seem the most significant to stress for 
the straight coals. In Table IV, it is 
of interest to note that the melting point 
of the mixed coal is often slightly lower 
than that of either coal used in the mix- 
ture. 

Brewer and Atkinson (9) say: “From 
a study of a large number of Layng- 
Hathorne curves, the authors believe 
that the test is not capable of giving 
any reliable information which is not 
given to a fuller extent by the other 
tests.” (Agde-Damm and Davis 
plastometer.) 


7 For coals starting with No. 33 in Tables III and IV 
the electrode graphite was eliminated and the length of the 
column of coal was reduced about two thirds (9). 


SYMPOSIUM ON SIGNIFICANCE OF TESTS OF COAL 


With regard to practical significance, 


it is the understanding of the author 


that the Layng-Hathorne test has been 
used by a large by-product coke plant 
to group together high-volatile coals of 
similar melting point in order to produce 
better coke from a physical standpoint 
when coking straight high-volatile coal. 


2. Swelling Test: 


The Agde-Damm test was selected 
by the U. S. Bureau of Mines to measure 
linear expansion or contraction of a 
test sample. This is accomplished by 
measuring the linear expansion and con- 
traction which a small cylindrical briquet 
of coal undergoes when being heated to 
500 C. In this test the temperatures 
are noted when the coal briquet first 
contracts and when it first expands. In 
this test, another briquet is allowed to 
expand freely without the weight of an 
indicating mechanism resting upon it 
and the ratio of the apparent volume of 
the coke to the apparent volume of the 
coal is called the “swelling coefficient” 
or “free expansion swelling coefficient.” 

It will be noted that the temperature 
of initial contraction is materially lower 
for all coals in comparison with the 
corresponding temperatures when pres- 
sure or resistance develops in the Layng- 
Hathorne and plastometer tests, respec- 
tively. There is fairly close agreement 
between the temperature of initial ex- 
pansion in the Agde-Damm with the 
temperature where resistance develops 
in the plastometer test. 

With regard to the practical signifi- 
cance of the data from the Agde-Damn, 
comparisons with plant performance 
will have to be made to show the prac- 
tical application of this test. 


3. Plastometer Test: 


The plastometer test was developed 
by J. D. Davis of the U. S. Bureau of 
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Mines. This test method makes a 
“continuous measurement of the vis- 
cosity of the coal while it is being heated 
through the plastic state.’ 

In this test, coal is stirred in a retort 
while being heated. “When the tem- 
perature reaches the plastic range, the 
coal sample becomes viscous, and re- 
sistance to rotation develops rapidly. 
With higher temperatures the re- 
sistance usually decreases because the 
coal becomes more fluid. As the heat- 
ing is continued further, chemical 
changes in the coal cause it to become 
more and more viscous and finally to 
solidify. When solidification occurs, the 
coke formed is quickly broken up and 
resistance to rotation practically ceases, 
this indicating the end of the plastic 
range.” The best type of report of 
these data is a plot for each test, but 
individual plots are hard to compare. 
When numerical values are reported, 
the following values are shown: tem- 
peratures when resistance develops and 
ends; temperatures at maximum fluidity 
and resistance; and the resistance to 
rotation at maximum fluidity and maxi- 
mum resistance. 

In studying the plastometer data in 
Tables III and IV, the need for data for 
the lower volatile coals is immediately 
evident. However, judging from the 
coals represented, the total plastic 
temperature range appears to be of 
value in trying to make practical appli- 
cation of the results of this test. The 
following points seem significant: 

1. Comparing the plastic ranges for 
the plastometer and Layng-Hathorne 
tests: 

(a) Low- and medium-volatile coals 
do not have nearly so wide a plastic 
range for the plastometer test as for 
the Layng-Hathorne test. 

(b) High-volatile coals having a calor- 
ific value of more than 15,000 B.t.u. 
per lb. on the dry, ash-free basis have 
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fairly similar plastic ranges in both tests, 
except that the range is narrower for 
some of the high-volatile coals in case of 
the plastometer test. 

(c) Four out of five high-volatile coals, 
with dry, ash-free calorific values of less 
than 15,000 B.t.u. per lb., showed no 
plastic range in the plastometer test 
as compared with only one out of those 
same five coals in the Layng-Hathorne 
test. 

2. The plastic range values for the 
plastometer test do not seem to have any 
definite relationship to the percentage of 
volatile matter. 

3. The range during which _high- 
volatile coals are plastic varies from 20 
to 87 C. for the coals in Tables III and 
IV which showed resistance in the 
plastometer test. 

4. Many high-volatile coals, having 
a calorific value of less than approxi- 
mately 15,000 B.t.u. per lb. on the dry, 
ash-free basis, probably will offer little 
or no resistance, that is, have no plastic 
range in the plastometer test. There 
was one exception in five coals reported. 

With regard to practical application 
of plastometer data in connection with 
the manufacture of coke, probably the 
following comments would be of interest: 

1. Judging from past experience in 
the coking of various coals, it would 
seem that the plastic range values for 
high-volatile coals may be indicative, 
in a general way, of the physical quality 
of the resultant coke which would be 
produced if the high-volatile coal in 
question were coked straight. As nearly 
as the author can recall, the high- 
volatile coals in Table III, having the 
lowest plastic range, would be expected 
to produce the poorest quality of coke 
from an over-all physical standpoint 
when coked straight in a standard by- 
product oven under ordinary conditions. 

2. More information is needed on 
low-volatile coals before any comments 
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are justified on the value of their plas- 
ticity data. It has been the author’s 
hope that plasticity values may aid 


in selecting low-volatile coals for admix- ' 


ture with high-volatile coals for the 
production of coke of the best over-all 
physical quality. 

With regard to application of plas- 
tometer data to stokers, the data have 
been studied with a view to determine 
whether this test would indicate that 
a coal would, in a general way, be con- 
sidered as “free-burning” or “caking”’ 
when burned on a grate, and, if possible, 
to what degree. Of course, it is realized 
that “free-burning”’ and “caking” as 
applied to stokers are very general 
terms and probably cannot be defined 
exactly. The plastic range values, how- 
ever, look very promising as an aid 
in this kind of classification as far as 
high-volatile coals are concerned. Cer- 
tainly the coals which offer no resistance 
in the Davis plastometer would gen- 
erally be classed as “‘free-burning.”’ As 
the plastic range values increase in high- 
volatile coals, the indication that such 
coals would be classed as more and more 
strongly coking seems to be generally in 
accord with what would be expected in 
burning on stokers. Too few low- 
volatile coals have been tested to make 
any statement about their plastic range 
values as far as stokers are concerned. 

Summarizing with regard to the three 
plastic tests, the author would agree 
with Brewer and Atkinson (9) that “in 
general, the Davis plastometer gives 
much more complete information in 
the plastic range.” Based on the small 
amount of data available, the plastom- 
eter data seem to have definite practical 
significance both in the carbonization 
and the burning of coals on stokers. 
More data on a larger variety of coals, 
particular low- and medium-volatile 
coals, are needed. 


4. Expansion During Coking: 


Considerable interest has developed 
in coal expansion as related to the by- 
product coke oven after the publication 
by Altieri (18) in 1935, of the description 
of an apparatus to measure expansion 
throughout the entire coking period. 
Up to this time, practically no results 
of work done in this country on expan- 
sion of coals as related to coke ovens 
have been reported, in spite of the great 
constant interest taken in this subject 
by the entire by-product coking in- 
dustry. 

In the Altieri test a charge of about 
8 lb. of coal is heated from one direction 
and the force of expansion is measured 
by a suitable mechanism. The test coal 
should be of the same size and moisture 
content or, in other words, of the same 
bulk density as this coal would be when 
charged into a coke oven. 

Active work is being done by a num- 
ber of companies, but so far practically 
no information has been published with 
regard to the results being obtained. 
Until such test information becomes 
available for a number of coals, little 
can be said about the practical signifi- 
cance of this test. It is believed, how- 
ever, that the test will yield valuable 
information, especially on borderline 
coals, also about the behavior of the coal 
charge during carbonization between the 
time of charging and pushing. 


C. Gas- AND COKE-MAKING 


PROPERTIES 


In the testing of coals for the manu- 
facture of coke, nearly all the yield 
data and characteristics of the various 
products can be fairly satisfactorily 
determined by laboratory or small- 
scale tests except the physical charac- 
ter of the coke which may be produced 
in a coke oven. The methods of test 
which have been generally used will be 
discussed. 
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1. High-Temperature Coking: 7a. 


(a) Laboratory Distillation Tests. 
The procedure that has been most gen- 
erally used in the United States, as well 
as in many other countries, for evalua- 
tion of coal by a laboratory distillation 
test is the procedure published by the 
Chemists Committee of the U. S. Steel 
Corp. (26). Usually this test has been 
designated as the “tube test.” In this 
test, 20 g. of 35-mesh dry coal are heated 
progressively up to 900C. or even to 
a somewhat higher temperature in a 
transparent quartz tube held in a hori- 
zontal position usually in a gas-fired 
furnace. 

The tube test gives yields of coke, 
gas, tar, ammonia, both free and fixed, 
and light oil. There is also sufficient 
gas for analysis from which the calorific 
value may be calculated. By careful 
standardization of the test with specific 
commercial plants and with intelligent 
interpretation (10) of the results, useful 
information can be obtained from tube 
test results. In view of the small quan- 
tity of coal used and the consequent 
small quantities of the various products, 
the tube test should be considered 
mainly as a test for determination of 
yields of products from the carboniza- 
tion of coal. 

(6) BM-AGA Carbonization Test.—In 
the Bureau of Mines—American Gas 
Assn. carbonization tests, from 85 to 175 
lb. of coal may be carbonized depending 
upon the diameter of the retort, which 
ranges from 13 to 18 in. in diameter. 
Carbonization tests may be made from 
500 to 1100C. and sufficient yields of 
all products are obtained for any desired 
analytical examination. The latter is a 
very desirable feature. 

In U. S. Bureau of Mines Monograph 
5, a number of comparisons with plant 
practice were made and the following 
relations are shown: 

Most of the plant yields of coke, gas 
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and B.t.u. in gas per pound of coal 
fall between the 900 and 1000C. car- 
bonization results. 

Light oil yields agree best with the 
900 C. results. 

Ammonia test yields are all too low 
because of decomposition of ammonia 
by the iron retort. 

Tar yields show best agreement at 
1000 C. with the plant yields. 

The apparent specific gravity of the 
test coke was approximately 0.1 less 
than for by-product-oven cokes. 

The Bureau of Mines—American Gas 
Assn. carbonization test is unquestion- 
ably the best large-scale carbonizing 
procedure that has been developed to 
date. The yields at the proper car- 
bonizing temperature are surprisingly 
close to plant yields. It is unfortunate 
that the ammonia yields are so low be- 
cause of decomposition by the iron 
retort. Because of the lower apparent 
specific gravity of the test coke, the 
physical quality of the coke is not so 
satisfactory as would be desired. 

(c) Box-Coking Test.—Box-coking 
tests are made in regular commercial 
coke ovens and are usually for the pur- 
pose of obtaining information about the 
physical character of the coke. Next 
to full-scale oven tests, box-coking tests, 
if properly made, are in general the most 
reliable means of determining the phys- 
ical character of the resultant coke. 

Summarizing with regard to tests for 
evaluating coals for the manufacture of 
high-temperature coke: 

1. If only yield data and calorific value 
of the resultant gas are required, the 
laboratory distillation or tube test is 
the logical method to employ. 

2. If examination of the various 
products of carbonization is also re- 
quired, then a procedure like the Bureau 
of Mines—American Gas Assn. carboni- 
zation test seems the most logical 
method to employ. 
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3. Although the Bureau of Mines— 
American Gas Assn. test yields consider- 
able valuable information about the 
physical quality of the coke, box-coking 
tests properly made in a commercial 
coke oven should be included in a test- 
ing program in order to evaluate the 
physical character of the coke which 
may be produced. If the expense can 
be justified, final confirmation of the 
physical character of the coke should be 
made by full-oven tests. 


2. Low-Temperature Coking: 


The Fischer low-temperature assay 
is the laboratory procedure very largely 
used for evaluation of coals for low-tem- 
perature coking. In this test, 50 
of coal are distilled at a temperature 
of 500 C. 

The following comments are from 
U. S. Bureau of Mines Monograph 5 
“The tar yield obtained in commercial 
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low-temperature plants usually is 
about 70 per cent of the Fischer assay 
yields because of decomposition of part 
of the primary tar in the retort. De- 
composition increases with carbonizing 
temperature, so that in high-tempera- 
ture carbonization the tar yield may be 
only one third that obtainable in the 
low-temperature assay. The assay is 
valuable, however, because it indicates 
the maximum amount of this by-product 
obtainable from a given coal when 
heated at a low temperature and the tar 
removed quickly with minimum op- 
portunity for secondary decomposition; 
it therefore indicates the characteristics 
of the coal rather than results to be 
expected from the retort or coke oven. 
For this purpose the test may be of 
value to practical engineers in the gas 
or coking industry. It is useful for 
indicating the theoretical yields of 
liquid by-products on low-temperature 
distillation of coal.” 
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DISCUSSION 


Mr. L. A. Surpman! (presented in 
written form).—1 wish to quote from the 
Carnegie Institute of Technology’s Con- 
tribution No. 45, by B. Juettner: “Car- 
bonization of coal involves the loss of 
volatile decomposition products such as 
gas, tar and water, and the formation of 
a condensed, non-volatile residue. The 
more important factors influencing the 
degree of condensation of the residue 
are: the final temperature, the rate of 
heating, and the nature of the coal. 
Another factor may be the speed at 
which the decomposition products are 
removed, which in turn depends largely 
on the thermal variables mentioned 
above, on the pressure in the retort 
during carbonization and on the particle 
size of the coal. The ash of the coal 
may also exert an influence due to 
catalytic effects.” 

William B. Warren at the same re- 
search laboratory has conducted nu- 
merous experiments demonstrating the 
effects of the rate of heating and of final 
maximum temperature in the carboniza- 
tion of several bituminous coals. He 
has demonstrated that at low rates of 
heating at the time the coal is (in his 
phraseology) in the “sensitive range,” 
some of the liquid products condense and 
may act as solvents on the coal becoming 
larger heavier molecules. Mr. Warren 
summarizes his results on varying the 
rates of heating as follows: “It seems 
probable that there is for each coal a 
maximum potential yield of distillation 
products which is obtainable when the 


1 Combustion Engineer, Southern Coal and Coke Co., 


Knoxville, Tenn. 


rate of heating is so high that no conden- 
sation of the depolymerized molecules 
takes place while the temperature of 
the coal is within the sensitive range. 
Higher rates of heating would have no 
further effect. On the other hand, there 
would be some minimum yield of dis- 
tillation products which is obtained 
where the heating rate is so low that the 
greatest possible amount of condensa- 
tion takes place while the temperature 
of the coal is within the sensitive range 
and reducing the rate below that at 
which complete condensation takes place 
will result in no further decrease in yield 
of distillation products.” 

The point I wish to bring out is that 
there is no such thing as the gas- and 
coke-making property of a coal unless all 
physical and chemical conditions sur- 
rounding such tests are standardized. 
By varying these physical and chemical 
conditions of the test, the composition 
of the gas and tar and the quality of the 
coke can be changed from the same coal. 

I donot wish to belittle any efforts made 
to perfect apparatus or test procedures. 
The ultimate goal of all these laboratory 
tests is a practical check on industrial 
apparatus. They have been developed 
so that the physical and chemical condi- 
tions of the test and apparatus would 
give results as nearly as possible com- 
parable with industrial results in order 
to compare different coals. Much has 
been learned by this procedure and many 
new developments have resulted from it. 
As far as applying these procedures to 
tests for coal to be used on stokers where 
a non-coking coal can be made to coke 
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or mat and a coking coal can be made to 
burn with a free open fuel bed, the 
physical and chemical conditions sur- 
rounding the combustion in a stoker fuel 


bed can be varied so many ways that 


only the extreme indications as to coking 
or non-coking values as set up on these 
tests can be of value. 

Mr. P. Nicuo.ts.2—The process of 
caking and coking in fuel beds differs 
from that in coke ovens in that there is 
the added factor of air or products of 
combustion passing around the pieces of 
coal, and that there is burning of the 
volatile matter or oxidation of the sur- 
faces. We have shown that the amount 
of caking and the size of the pieces of 
coke are dependent on the air rate. If 
it is high enough, caking is prevented at 
those interstices through which air can 
pass. At low air rates the fusion of the 
coal can close the free spaces soon enough 
that the coking of the mass of coal 
should follow the process in an oven, but 
if the rate is high enough the air can 
burn the tar and prevent closing of the 
openings; thus one would expect little 
direct correlation with the various cok- 
ing tests. 

Studies of fuel beds are not well suited 
to give numerical measures of the rela- 
tive caking and coking properties of 
coals. Recently we used a method 
which, briefly, consisted in producing a 
standard hot bed of high-temperature 
coke; on this a given weight of the coal, 
closely sized, was fired. Only primary 
air at a constant rate was supplied. 
Four measures of the caking and coking 
were possible: first, a time plot of the 
pressure drop across the bed and its 
maximum value; second, the time elaps- 
ing for the appearance of flame at the 
sides of the furnace, and of a red spot at 
the center of the hed: third, the average 
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rate of gasification for a given weight 
of combustible matter lost; and fourth, 
the fuel bed was dropped when a pre- 
fixed weight of combustible remained un- 
burned; when cooled the coke residue 
was screened to determine the weights 
of the various sizes. Details of the 
method could be improved but the re- 
sults were satisfactory. 

In spite of there being this additional 
factor, characteristics of caking and 
coking as determined in a nonoxidizing 
atmosphere will be useful in studies of 
fuel beds. Close coordination cannot 
be expected because there is the addi- 
tional variable of the rate of heating. 

Mr. J. D. Davis.A—Mr. Malleis, in 
his criticism of the agglutinating value 
test, may have had reference to some 
test results that we have obtained, and 
perhaps others, where it did not make 
any difference on the agglutinating value 
what proportion of low or high volatile 
coals was blended. I have about ten 
cases that prove that statement. Mr. 
Malleis is correct. You get the same 
results whether you have 20 per cent 
low volatile or 30 per cent, so it does not 
help us on blending. However, it does 
mean something. For one thing, in 
our study of the characteristics of coal 
constituents of the same bed, we can 
distinguish pretty sharply by the aggluti- 
nating value the amount of splint as dis- 
tinguished from bright coal in the same 
bed. The splint usually, though not al- 
ways, has a much lower agglutinating 
value than bright coal. We have one 
case on record where a splint layer 
actually had a higher agglutinating value 
than bright coal, so it does not hold uni- 
versally even in that respect. 

Mr. R. A. SHERMAN.*—On the third 
page of his paper, Mr. Malleis makes the 


* Chemist, U. S. Bureau of Mines, Pittsburgh, Pa. 
4 Fuel E nginee r, Battelle Memoriz al Institute, Columbus, 
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statement: “Low-volatile coals when 
heated in the standard volatile-matter 
test, usually expand to many times 
the volume of the original coal used 
for the test, and often the resulting 
coke button will completely fill the test 
crucible.” This observation agrees with 
the general conception of the coke but- 
ton obtained from low-volatile coals. I 
should like to offer some data which 
present a different picture. 

In writing a report of some recent tests 
on the burning of coal on small stokers, 
we wished to have some simple indication 
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L 1. —Coke Buttons Obtained by Heating in 
Standard Electric Furnace for Volatile Matter 
Determination and by Heating Over Meker 
Burner. 


that would give the laymen a concep- 
tion of the difference in the coking prop- 
erties of the four coals. The coals, 
which were Millers Creek, Illinois, Pitts- 
burgh, and Pocahontas, were so widely 
different that we felt the volatile-matter 
coke button would show what we 
wanted. When we made the buttons 
in the standard electric furnace, we 
found that those from Pocahontas coal 
were small dense buttons instead of the 
large button that is normally expected. 
We made a number of buttons from vari- 
ous samples of the same lot of coal and 
found that they were all alike. 


A preliminary draft of the report was 
sent to a number of men for review, and 
several questioned the results that we 
had obtained on the Pocahontas coke 
button. They thought that the Poca- 
hontas may have oxidized, as it had been 
in storage in the laboratory for some 
months. Toclear up this possibility, we 
obtained, through the courtesy of W. E. 
E. Koepler, Secretary, Pocahontas Op- 
erators’ Assn., samples from nine mines 
in the Pocahontas No. 3 field, including 
the same mine from which the original 
sample had come, samples from neigh- 
boring mines, and others at some dis- 
tance away. 

We ran coke buttons on these samples 
by the same method used before, that is, 
by plunging the crucible into the electric 
furnace at 950C. The coke buttons 
were all of the same type as obtained 
with the original coal, unswollen buttons 
of hard coke. 

The only reference in the literature 
that includes photographs of coke but- 
tons from the standard volatile-matter 
test is the paper by Rose and Sebastian 
presented before the American Institute 
of Mining and Metallurgical Engineers.* 
They stated that the standard volatile- 
matter test showed swollen buttons. On 
checking with Mr. Rose, I found that the 
Koppers Laboratory had used at that 
time the Meker burner for heating the 
crucibles. We had suspected that, for 
in the meantime we had experimented 
by preparing some buttons in the flame 
of the Meker burner and also by the 
method of preheating the coal in the top 
of the electric furnace. 

The accompanying Fig. 1 shows the 
difference in the type of buttons ob- 
tained when the coal is heated by the 
two methods; the results on four of the 
nine Pocahontas No. 3 coals are shown. 
There is a vast difference in the type of 

5 H. J. Rose and J. S. Sebastian, “(Changes in Properties 
of Coking Coals Due to Moderate Oxidation During Stor- 


age,” Transactions, Coal Division, Inst. Mining and 
Metallurgical Engrs., Vol. 88, p. 556 (1930). 
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button obtained. It would appear that 
the electric-furnace method is some- 
what better for preparation of the but- 
tons, as with the gas burner all of the 
buttons swelled to the top of the crucible 
and little distinction is seen among the 
buttons. 

I have recently learned from Mr. 
Fieldner that they had had similar ex- 
periences in the difference in the type of 
button obtained. If we had consulted 
him, we would have avoided the neces- 
sity of finding out for ourselves. Inas- 
much as the effect of the difference in the 
type of heating was not clear to several 
with whom we discussed the problem, it 
seemed worthy of presentation so that 
others would be spared this difficulty. 

Mr. B. P. Mutcany.’—I think the 
point which Mr. Sherman brought out 
about the effect of temperature, particu- 
larly in the case of this volatile deter- 
mination, is quite important. You can 
take like samples of the same coal, sub- 
ject these samples to the volatile-matter 
test but alter the temperature of testing 
by increments of 100 deg. Cent. from 
500 C. to 900C. and obtain different 
sized buttons for each temperature. 

There are one or two other points 
which should be emphasized, I think: 
The first is the evaluation of the plas- 
tometer test. I do not know how much 
importance is generally attached to this 
test, but our concept of the coking proc- 
ess takes cognizance of this plastic range 
of coal. As we visualize this picture of 
coking we feel that the rate of gaseous 
release from the coal at that particular 
stage has a great deal to do with the 
ultimate structure of the coke. We, as 
coke manufacturers, pin a lot of hope to 
some of these plastic range determina- 
tions, for we feel that it will ultimately 
relieve us of the very arduous job of 


* Research Engineer, Citizens Gas and Coke Utility, 
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evaluating a coal by subjecting it to full- 
scale oven tests. 

One point Mr. Malleis brought out 
was his regret that these laboratory ap- 
praisal tests of coal actually show noth- 
ing at all about the value of the coke. 
The seriousness of this contention is 
realized when you consider that any- 
where from 70 to 80 per cent of the coal 
as charged comes out as coke and that 
these laboratory tests really evaluate the 
by-product yield and nothing else. 

There are, however, certain tests which 
look as if they might point the way out 
of this haze. One is the expansion tester 
recently developed which we personally 
feel is going to show us a good deal and 
I know, too, that as producers we cer- 
tainly owe a debt to the U. S. Bureau of 
Mines and Mr. Davis particularly for 
the work they have been doing on coal 
at Pittsburgh and have published in 
Monograph No. 5. 

We have always felt that, unfortu- 
nately, from a coke manufacturer’s 
standpoint the attack on some of these 
problems was almost too fundamental 
to be of definite value to us. Work 
of a fundamental nature should be very 
definitely encouraged, but we have to 
remember, too, that we must keep our 
feet on the ground when we consider 
this fundamental! work, and at the same 
time broaden our concepts by discover- 
ing the relationships with what we en- 
counter in actual practice. If this will 
be our attitude I believe that we can 
make greater progress in coal carboniza- 
tion. 

Mr. C. C. Russety.’—I have been 
particularly interested in listening to all 
this discussion in view of the work of the 
new subcommittee, of Committee D-5, on 
plasticity and swelling of coal. As you 
may know, this subcommittee was 
formed a year ago and we have had two 


7 Engineering and Construction Division, Koppers Co., 
Kearney, N. J. 
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Malleis has given much careful thought , 


meetings in which the work has been 
started. The purpose of the subcom- 
mittee is to study the methods which 
have been proposed for the determina- 
tion of both plasticity and expansion of 
coal. For some time at least there is no 
thought of trying to standardize any 
one method. We have included the 
study of methods for the determination 
of the expansion of coal because of the 
large amount of interest in the subject 
and because it is so closely related to the 
plastic state of coal. 

There still appears to be considerable 
divergence of opinion concerning the 
measurement of plasticity of relatively 
homogeneous materials so the measure- 
ment of the plasticity of coal—a most 
heterogeneous material—is a very diffi- 
cult one. 

There is one thing about this matter 
of coal expansion that might be well to 
mention. Certain coals expand and are 
dangerous to charge into coke ovens 
alone. However, when these coals are 
mixed with contracting coals there are 
certain mixtures that contract and are 
consequently perfectly safe in the ovens. 
Coke oven operators usually know these 
badly expanding coals and would never 
charge them alone into their ovens. 
These coals may, however, be very 
dangerous even in mixtures, for in large- 
scale operation the mixtures are not 
always homogeneous, or there may be 
segregation after mixing. 

I wish to thank Mr. Malleis for his ex- 
cellentsummary. It will bea great help 
in our committee work. 

Mr. Cart D. ULmer.*—While Mr. 


® Research Engineer, Engineering and Construction 
Division, Koppers Co., Pittsburgh, Pa. 


to his subject and has written an excel- 
lent summary of existing procedures, his 
review surveys only the American litera- 
ture, and the methods he describes are 
those used generally only in this country. 
It would be not only interesting but also 
instructive had the paper included brief 
mention of and references to laboratory 
tests recently developed abroad. One 
recent survey of tests now employed in 
Germany for determining the products 
obtainable from coal by carbonization, 
known to few American fuel technolo- 
gists, is the doctoral dissertation by Ger- 
hard Lorenzen entitled “Beitriige zur 
Untersuchung von Kohlen auf ihre Ver- 
kokbarkeit und zur Herstellung von 
Mitteltemperaturkoks” presented to the 
Technischen Hochschule, Berlin, in 1935. 

Mr. O. O. MALtets® (author’s closure, 
by letter).—The discussion further con- 
firms the complexity of the problems of 
developing and standardizing methods of 
test for determining the relative caking, 
plastic, gas- and coke-making properties 
of bituminous coals. 

Undoubtedly most of the interest in 
these methods of test will continue to be 
with regard to their applications in the 
evaluation of coal for the manufacture 
of coke. It is hoped, however, that 
more interest may be stimulated in the 
future with regard to the possible appli- 
cation of some of these methods of test 
with regard to caking and coking char- 
acteristics of bituminous coal] in the fuel 
beds. 


9 Manager, Inspection Division, Appalachian Coals, 
Inc., Cincinnati, Ohio. 


I 
( 
( 
1 
( 
= 
~ 
d 
— 


als, 


SIGNIFICANCE OF FRIABILITY AND SIZE STABILITY TESTS ON COAL! 


By R. E. Gitmore? J. H. H. Nicorts? 


This paper deals primarily with the 
significance of the A.S.T.M. ‘Proposed 
Method of Tumbler Test for Coal’ and 
“Proposed Method of Drop Shatter 
Test for Coal.’’* The standardization 
of these test methods was undertaken 
by Subcommittee XI on Coal Friability, 
of the Society’s Committee D-5 on Coal 
and Coke. The work of this subcom- 
mittee has been in progress since 1932. 
The comparative friability tests leading 
up to their adoption have been fully 
reviewed in a recent publication’ and 
need only to be outlined and briefly dis- 
cussed here. 

By friability, as applied to coal, 
meant its liability to break or crumble 
into smaller pieces when subjected to 
handling; hence a friability test serves 
to determine relative handling proper- 
ties. Size stability is just the opposite 
of friability and implies resistance to 
breakage. When examined by a labora- 
tory test method the friability of a coal 
may be expressed as “‘friability, per 
cent,” which is the average size of the 
coal resulting from breakage during the 
test, as a percentage of the average size 
of the lumps taken as sample. The 


1 Published by permission of Director of Mines and 
Geology Branch, Department of Mines and Resources, 
Canada. 

*Senior Engineer, and Chemist, respectively, Fuel 
Research Laboratories, Division of Fucls, Canadian Bureau 
of Mines, Ottawa, Ont., Canada. 

3 A.S.T. M. Standards on Coal and Coke—Pre -pared by 
Committee D-5, September, 1936, pp. 70 and 63, respec 
tively. In this’ pub lication’ the two methods of test are 
given as Proposed Drafts. These two proposed methods 
were approved this year for publication as tentative stan- 
dards, see Proceedings, Am. Soc Testing Mats., Vol. 37, 
pp. 820 and (1937). 

E. Gilmore, J. H. H. Nicolls ond G. P. Connell, 
“Coat Friability Tests, Mines Branch No. 762, 


ment of Mines, Canada. ee 


difference between one hundred and the 


friability per cent is the “size stability, 
per cent”: that is, these values are 
complementary to each other. 

The most comprehensive method of 
ascertaining the handling properties of a 
coal is to examine shipments by screen- 
ing at different stages during its mining, 
preparation, and transportation from 
the mine to its ultimate consumer. 
Testing and comparing coals by this 
method is too costly and, therefore, 
impractical, and what has been required 
is a laboratory method, or methods, to 
serve as a definite measure of the fri- 
ability of coals. In the development of 
laboratory friability methods, the prin- 
ciple generally followed has been that of 
performing a uniform amount of work 
on the sample, and then measuring the 
reduction in average size of the lumps. 

Seven different methods, five tumbler 
and two shatter, were tried out in the 
experimental work of the friability 
subcommittee, and an endeavor was 
made to ascertain to what extent the ap- 
paratus and methods previously adopted 
as A.S.T.M. standards for coke would be 
suitable for coal. Results obtained with 
seven different standard coals varying 
from hard non-friable anthracite to soft, 
quite friable, bituminous coals, showed 
that certain variations of all seven meth- 
ods could be considered satisfactory in 
that they placed the seven coals in 
approximately the same order as to 
friability. On the assumption that 
there was a need for two methods, one 
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tumbler and one shatter as with coke, 
these were selected from the seven. 

The purpose and scope of the two 
methods selected* may be abstracted as 
follows: 


The tumbler test for coal is intended for 
determining the relative friability of a par- 
ticular size of lump coal. It affords a 
means of measuring the liability of coal to 
break into smaller pieces when subjected 
to repeated handling at the mine, or subse- 
quently by the distributor or by the con- 


oor 


Taste Comparison or “TUMBLER” AND 


“Drop SHATTER” TESTS FOR COAL 


SYMPOSIUM ON SIGNIFICANCE OF TESTS OF COAL 


its transit to the consumer. ‘The method of 
test is considered applicable for testing both 
a standard size of different coals and for 
testing different sizes of the same coal, 2 to 
3 in. being recommended as the standard 
size for testing different coals. 


The drop shatter test method in- 
cludes separate procedures for testing 
the 2 to 3-in. standard size of lumps, 
and for testing other sizes (both single 
and mixed sizes). (Quoting further on 
the scope for this test: 


ACCORDING TO 


A.S.T.M. MEtTunops. 


Tumbler Test* (on 1.05 to 1.5 in. square 
hole size lumps) 


Apparatus 


for pulv erizing coal samples 
tional iron jar tumbler —fitted with iron | 


Drop Shatter Test? (for 2 to 3 in. round 
hole size lumps) 


Fig. 1, and in the Standard Methods of 
Shatter Test for Coke (D 141-23).5 


or op- 


| Porcelain jar tumbler such as employed | Shatter test machine as illustrated in 


frame and lifting shelves as illustrated 


in Fig. 1. 
Screens 
in. openings. 
Collection of gross sample 


A.S.T.M. D 21-16. 
Preparation of sample for test 


Square mesh screens, having 1.5, 
0.742, 0.525, 0.371, 0.0469 and 0.0117- 


In accordance with Sections 1 to 4 of 


Following preliminary screening of repre- 
sentative portion of gross sample 25 lb. 
of 1.05 to 1.5-in. lumps are prepared. 

1000-g. of rescreened 1.05 to 1.5-in. lumps | 
tumbled in jar-mill tumbler test ma- 
chine at 40 r.p.m. for 1 hr. 


1.05, | Round-hole screens, having 3, 2, 14, 1, 3, 


and 3-in. openings. 


In accordance with Sections 4 and 5 of 
A.S.T.M. D 410 - 35 T. 

Following preliminary screening of repre- 
sentative portion of gross sample 125 lb. 
of 2 to 3-in. lumps are prepared. 

50 lb. of rescreened 2 to 3-in. lumps 
dropped twice in Shatter test machine— 


screen screen analysis then made on dropped 


analysis then made on tumbled coal. coal. 


Recording of results 
numerical example. 

Results reported as 
100 (S — s) 


Ss 


Results to be reported. 


mentary data 


sion. 


| 
| 


sumer. It also may serve to indicate the 
relative extent to which lump coals will 
suffer size degradation in certain mechani- 
cal feed devices. Furthermore, the test 
may be employed for differentiating be- 
tween certain ranks and grades of coal, 
and hence be of service for coal classifica 
tion purposes. 

The drop shatter test for coal is intended 
fur measuring the relative size stability, and 
its complement the friability, of lump coal. 
It affords a means of indicating the ability 
of coal to withstand breakage when sub 
jected to handling at the mine and omen 


Results tabulated and calculated as per 


“Friability per cent’’; 
where S is the average 


size of the lumps taken as sample, and 
sis the av erage size of the tumbled coal. 
“Dust Index” representing fines and dust 
produced in the test, and indicative of | 
proportion of breakage caused by abra 


Results tabulated and calculated as per 
numerical example in Table I. 

Results reported as size stability per cent; 
(s) * 100 

where S is the average size 


of the lumps taken as sample and s is 

the average size of the dropped coal. 
“Slack Index”—the per cent of the 

dropped coal passing the j-in. screen- 

indicative of the comparative slack- 

producing characteristics of the coal 
| tested. 


The method appears best suited for 
measuring the relative resistance to break- 
age of the larger sizes of lump coal when 
handled in thin layers such as from loader 
to mine car, from loading boom to railroad 
car, from shovel to chute, etc. While it 
may not be so well adapted for measur- 
ing the liability to breakage of coal when 
handled in mass, as in unloading open bot 
tom cars, emptying bins, etc., it is believed 
that the method of test and particularly 
the supplementary method will serve to 
indicate the relative size stability of com 
posite sizes of coal where, in commercial 
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handling, the smaller sized particles and 
lumps have a cushioning effect which tends 
to lessen the breakage of the larger lumps 
of coal. 


A comparison of these two test methods 
is given in Table I. 

It is to be noted that the tumbler 
test, in which 1000 g. (2.2 lb.) of lumps 
of coal are used as individual samples, 
is a small-scale laboratory test, and that 
the drop shatter test, requiring 50-lb. 
samples of different sizes of coal, may 
be described as a large-scale laboratory 
test. A second noteworthy difference 
is in respect to size of lumps used as 
sample and the kind of screens used in 
their preparation. In the tumbler test 
1 to 13-in. lumps prepared on square-hole 
screens are specified, whereas the drop 
shatter test calls for 2 to 3 in. and other 
size lumps prepared on _ round-hole 
screens. Furthermore, it is to be ob- 
served that, while the proposed drop 
shatter test for coal is similar in many 
respects to the shatter test for coke, 
Standard Methods of Shatter Test for 
Coke (D 141 — 23),5 the tumbler test for 
coal is quite different from the Standard 
Method of Tumbler Test for Coke 
(D 294 - 29).6 


Shattering versus Abrasion: © 


The breakage taking place in the 
laboratory test is caused both by the 
shattering effect of the lumps falling 
either on a hard surface or on one an- 
other, and by abrasion due to the lumps 
rubbing against one another. In the 
tumbler test where the lumps fall only 
short distances in the small porcelain 
(or iron) jar used, and where they con- 
tinually rub against one another, the 
breakage caused by abrasion is much 
more emphasized than in the drop shat- 
ter test where the lumps drop a distance 


5 1936 Book of A.S.T.M. Standards, Part II, p. 449. 
6 Thid., p. 453. 


of 6 ft. and rub against one another very 
little. On a given coal the total breaik- 
age taking place in the tumbler test, as 
indicated by the calculated friability per 
cent, is appreciably more than in the 
drop shatter test. |The procedure 
adopted in the latter test, of dropping a 
50-lb. sample twice in succession, was 
considered to produce a breakage effect 
representing that taking place in the 
ordinary commercial handling of coal, 
whereas the tumbler test serves to deter- 
mine the inherent weakness of lumps of 
coal when subjected to repeated 


handling. 


DUPLICABILITY OF TESTS 


The duplicability of tests is presented 
under three headings: tumbler test for 
coal, drop shatter test for coal—stand- 
ard 2 to 3-in. lumps, and supplementary 
drop shatter test method for other sizes. 
Data involved are abstracted from those 
already published® covering comparative 
friability tests conducted up to the end of 
1934, and from experimental results 
obtained and on record since then at the 
Fuel Research Laboratories, Ottawa. 


Tumbler Test for Coal: 


The procedure for this test stipulates 
that “at least four single-jar tests shall 
be made and, provided sufficient sample 
is available, it is recommended that two 
or more four-jar tests be made”’ and that 
“when two or more four-jar tests are 
made the contents of the four jars from 
each set may be mixed and screened 
together.” It is, however, allowed that 
“when only four single-jar tests are 
made, the contents of each jar shall be 
screened separately, in order to be sure 
that there is satisfactory agreement 
between the results obtained.” A nu- 
merical example, serviceable for either a 
single-jar or a four-jar test, complete 
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with the method employed for tabu- 
lating the screen analysis of the tumbled 
coal and for calculating and recording 
the friability per cent value is given at 

the end of the proposed tumbler test.’ 
Using some results recently obtained 
at the Fuel Research Laboratories on 
the 1 to 1}-in. square mesh lumps of two 

lots of coal, A—Welsh anthracite, B 
Westphalian anthracite, comparison of 
the duplicability of single-jar tests with 
that of four-jar tests may be made here: 
FRIABILITY, PER CENT 


SINGLE -Jar Tests 


1-hr. tumbling: 
Coal A..25.4 26.1 22.0 .... (4.1 Range) (24 5 Avg.) 
Coal B..30 4 35.1 29.9 27.8 (7.3Range) (30.8 Avg.) 
3-hr. tumbling: 

Coal A..40.4 43.2 38.7 34.1 (9 1 Range) (39.1 Avg.) 
Coal A..44.2 44.1 39.7 .... (4.5 Range) (42 0 Avg.) 
Coal B..43.9 42.5 41.8 .... (2.1 Range) (42.5 Avg.) 
Coal B. 43.3 44.6 43.2 43.1 (1.5 Range) (43.5 Avg.) 

Four-Jar Tests 

3-hr. tumbling: 

Coal A..39.1 40.5 41.6 .... (2.5 Range) (40 4 Avg.) 
Coal B..44.7 43.5 41.7 .... (3.0 Range) (43 3 Avg.) 


These results demonstrate that closer 
checks are obtained in two or more four- 
jar tests than in a set of four single-jar 
tests. This is to be expected since not 
only is the experimental error lessened 
when screening the contents of four jars 
at one time, but the amount of the sam- 
ple used is two and three times larger 
when making duplicate and triplicate 
four-jar tests than in making a set of 
four single-jar tests. 

Comparison of 1 and 3 hr. as Time of 
Tumbling.—The tumbler test as tenta- 
tively adopted specifies 1 hr. as the dura- 
tion of the actual tumbling test in the 
jar or jars, rotated at 40 r.p.m. A 3-hr. 
test procedure was previously used in 
making tests at the Fuel Research Lab- 
oratories, at the Seattle Experiment 
Station of the U. S. Bureau of Mines 
and at West Virginia State University. 
Hence a comparison of the duplicability 
of the results obtainable by the different 
times of tumbling may well be further 

reviewed here. For this purpose the 
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results given in the paper on Coal Fri- 
ability Tests* and those shown above for 
Welsh and Westphalian anthracites may 


be used as below: 
FRIABILITY VALUES, 


PER CENT 
RATIO, 

3-HR. 3-HR. TO 

Tum- Tum- 1-HR. 


BLING BLING RESULTS 

No Pennsylvania An- 

thracite........ 19 27 
No 2-Welsh Anthracite .. 27 42 1.6 
No. A—Welsh Anthracite... 26 40 
No. B—Westphalian An- 

thracite........ 31 44 1.4. 
No. 3—Pennsylvania Bitu- ; 

minous........ 25 39 


No. 6—B.C. Bituminous... 59 70 2 
No. 7—-B.C. Bituminous... 42 55 3 

The average ratio to the second deci- 
mal for the above eight coals was 1.42, 
and the average ratio for thirty other 
coals ranging in rank from lignite to 
anthracite was found to be 1.41. Hence 
1.4 may be kept in mind as the average 
ratio of the friability per cent values for 
the 3-hr. tumbling tests to those for the 
1-hr. tests. Eliminating the 1.2 and the 
1.6 ratios in the above list, and two other 
low and two high values in the thirty 
coals does not alter the 1.4 figure. This 
average, however, is general only, since 
with the low and high values eliminated 
the ratio varied roughly from 1.31 to 
1.49. 

The differences between the individual 
maximum and minimum friability values 
for the thirty coals just mentioned 
ranged from 0 to 4.2 per cent for the 
1-hr. tests and from 0.1 to 3.5 per cent 
for the 3-hr. tests. After eliminating 
four differences greater than 3.5 per 
cent in the 1-hr. results, the average 
difference between the maximum and 
minimum was the same for the 1-hr 
tests as for the 3-hr. tests, that is, 1.5. 
The results indicate that as good checks 
were obtained with the very friable as 
with the medium and non-friable coals. 
This confirms the assumption that for 
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practical purposes the 1-hr., as specified 
in the tentative tumbler test method, is 
as good in respect to duplicability of tests 
as the 3-hr. tumbling which has been 
used extensively up to the present. 

In accordance with the above, the 
authors now wish to recommend that 
omission of directions as to closeness of 
two or more results in the tumbler test® 
be corrected, and that to the end of 
“Procedure” (Section 8) be added the 
following: 

At least four single-jar tests shall be made. 
When there is insufficient coal for eight indi- 
vidual jars the contents of each jar shall be 
screened separately. Any calculated fri- 
ability per cent value which is not within 
5 per cent of some other value shall be re- 
jected and the remaining values averaged. 
When there is sufficient coal for eight or 
more individual jars the tests shall be con- 
sidered as four-jar tests and the contents of 
a group of four jars screened together. 
Tests on a given sample shall be repeated 
until at least two (four-jar) friability results 
shall be obtained which agree within 2 per 
cent, and when three or more such four-jar 
tests are made any value which is within 
3 per cent of another value shall be included 
in the average results to be reported. 

Effect of Using 1.25-in. Screen.—On 
the assumption that the variation 10 
friability per cent values obtained in 
successive tests on a given coal was prob- 
ably due to non-uniformity of the size 
of lumps in the sample, a series of tests 
was made on 1.05 to 1.5-in. lumps in 
which the proportion larger than 1.25 
in. varied by increments of roughly 20 
per cent from 90 to 10 per cent. In this 
series a 1.25-in. screen was used in pre- 
paring the coal for tumbling and in the 
screen analyses after tumbling. A me- 
dium friable coal was used and the fol- 
lowing average results were obtained. 
The first of each pair of friability per 
cent values was calculated by the usual 
procedure, in which any values obtained 


with the 1.25-in. screen are disregarded 
on the assumption that the coal as 
tested had an average diameter of 1.25 
in. and that all the coal remaining on the 
1.05-in. screen after tumbling had a 
corresponding average diameter. The 
second of each pair of values was calcu- 
lated by employing the values obtained 
with the 1.25-in. screen in addition to 
those with other screens both before and 
after tumbling. 

FRIABILITY OBTAINED 

WitHout AND WITH 

Use oF 1.25-1N. 
SCREEN VALUES IN 


THE CALCULATIONS, 
PER CENT 


AMouNT OF COAL ON 
1.25-IN. SCREEN 


WITH- 


OUT WITH 7 
34.4 
39. 39.3 


1-hr. tests 
70 per cent.... 
50 per cent. ... 


3-hr. tests 
90 percent.... 49.9 54.9 
70 percent.... 48.1 50.5 
50 percent.... 48.3 49.4 
29 percent.... 52 7 51.7 
11 percent.... 52.7 51.3 


The 1-hr. single-jar tests made in 
pairs showed respective friability aver- 
ages of 33.1 and 39.0 per cent by the 
ordinary method of calculation for 
samples in which the proportions of the 
1.25-in. lumps were 70 and 50 per cent, 
respectively. These values were in- 
creased, it will be noticed, to only 34.4 
and 39.3 per cent using the 1.25-in. 
screen. The 3-hr. single-jar tests, made 
usually in fours and employing coal 
averaging in size from 90 to 10 per cent 
on the 1.25-in. screen, gave friability 
values ranging from 48.1 to 52.8 by the 
ordinary method of calculation, the 
largest of which were obtained with the 
smaller size coal. These values were 
changed by amounts varying from 1 to 5 
per cent by using the 1.25-in. screen. 
The greatest change was obtained with 
the large coal, and this so altered the 
friability per cent values as to transfer 
the highest value from the small to the 
large coal. 
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Since the values obtained with the 
1.25-in. screen must be more reliable 
than those obtained by the usual method 
of calculation, it follows that there will 
probably be less liability to error if the 
smaller sizes within a size range of coal 
predominate than if the large sizes do 
so. The intermediate sizes of coal, 
ranging from 70 to 30 per cent on 1.25- 
in. screen, gave friability values from 
48.1 to 52.8 or a range of 4.7 by the 
usual method of calculation, and values 
from 49.4 to 51.7 a range of 2.3 only by 
the method employing the 1.25-in. 
screen. However, in series of duplicate, 
triplicate and quadruplicate tests, the 
individual friability per cent values do 
not check any more closely when the 
1.25-in. screen is used than when it is 
not employed in the calculations. 

The foregoing data point to the ad- 
visability of using coal prepared in such 
a way that it will uniformly include sizes 
covering the whole range between 1.05 
and 1.5 in., as provided in Section 6(c) 
of the A.S.T.M. proposed tumbler test 
method for coal.* 

Dust Index.—As given in the footnote 
of the numerical example shown in 
Section 9 of the proposed tumbler test, 
the ‘dust index”’ is the percentage of the 
tumbled coal passing 0.0117 in., equiva- 
lent to Tyler 48 mesh. This index 
represents the proportion of the break- 
age due to abrasion, or attrition, rather 
than to shattering. The proportion of 
breakage due to abrasion ranges from 
approximately one-quarter to one-half 
of the total breakage taking place in the 
1-hr. tumbling test, as indicated by the 
friability per cent, and fairly close check 
results are obtainable in duplicate tests 
on individual coals. The percentage of 
the tumbled coal in the standard 1-hr. 
tests through the 48-mesh screen varies 
from about 8 for non-friable anthracite 
to as high as 35 for very friable bitumi- 
nous coals. This value was found to 
vary from 13 to 30 for fifteen medium 
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friable coals and was not uniformly 
proportional to their friability per cent 
values. The percentage through the 
0.0029-in. (200-mesh) screen was taken 
as an index of the dust-forming capacity 
of the coals tested in the friability test 
as originally developed,’ which 200-mesh 
index has not been found to be of any 
more value than the 48-mesh index. 

The development of a method to test 
the dust-forming propensities of coal 
as undertaken by Subcommittee XIV on 
Dustiness of Coal and Coke of the So- 
ciety’s Committee D-5 on Coal and Coke 
may be referred to here. This method 
is a direct determination of the dust 
formed when a given quantity of lump 
coal is dropped in a closed chamber and 
therefore may be more practical for the 
determination of dustiness than the 
tumbler test. 

If such proves to be the case, the term 
“dust index” in the tumbler test may 
well be changed to “abrasion index’’ 
since the percentage through 0.0117-in. 
(48-mesh) screen serves for differenti- 
ating between coals that produce a large 
amount of fines and dust by abrasion 
and those which, although they show 
the same friability per cent value, 
produce a much smaller amount of fines 
due to their inherent toughness. Exam- 
ples of this are Pocahontas low-volatile, 
coking bituminous coal and Alberta 
high-volatile, non-coking bituminous coal 
showing approximately the same friabil- 
ity per cent but with percentages of 
tumbled coal through the 48-mesh 
screen of 28 and 15, respectively. 

Non-lriable, Medium Friable,and Very 
Friable Groups.—At this point an at- 
tempt will be made to designate what is 
meant by the terms non-friable, medium 
friable and very friable coals. From 
the results on record at the Fuel Re- 
search Laboratories the following are 


7 By J. H. H. Nicolls, “Friability Tests on Various Fuels 
Sold in Canada,” Mines Branch No. 644, Department of 


Mines, Canada (1926). 
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suggested limits for grouping coals in 
respect to friability as tested by the 
1-hr. tumbler test: 


FRIABILITY, 
PER CENT 
Below 20....Non-friable  coals—including 
mainly the hard non-friable 
varieties of anthracites. 
20 to 30... . . Medium friable A coals—includ- 
sing =the softer varieties of 
anthracites, the harder varie- 


of three coals varying widely in friability, 
as reported for coals 1A—Pennsylvania 
anthracite and 7A a “friable” high- 
volatile bituminous coal, in addition to 
coal 4A mentioned above, are given 
below: 


Size Stability Values, 
per cent 


ties of bituminous, and the Zee 
tough varieties of sub-bitu- % 438 
minous coals. = | 
30 to 40... Medium friable B coals—includ- | | 
ing «the softer varieties of Coal and Size Designation | 
anthracites, and the less hard | Sv Eas | 
varieties of medium and high 2a | “$s | 
volatile bituminous coals. me Se | 5s g 
40 to 50... ..Friable coals—including mainly 32 | 
the softer varieties of low, 25 | Se 
medium, and high volatile 6 | A 
bituminous coals. 1A — Pennsylvania anthracite 
Above 50. ee Very friable coals. Standard 2 to 3-in. lumps ie a 93.9 92 8 1.1 
[his grouping, which is presented 
° 4A — Medi iable (C 
tentatively and subject to revision, the | 
authors trust will serve as a basis for | 
constructive criticism by fuel technolo- t 90.2) 9.0 | 02 
gists generally, and particularly those  7A— Friable (Canadian) bitu- | 
interested in coal friability. Standard 2 to 3-in. lumps. ....| 64.4 | 67.9 | 3.5 
70.4 734 | 2.0 
ens | 79.7) 81.1 | 1.4 


Drop Shatter Test for Coal—Standard 
2- to 3-in. Lumps: 


Results of a series of tests made on the 
2 to 3-in. lumps of coal 4A—a medium 
friable bituminous coal from Nova 
Scotia, reported in the paper on Coal 
Friability Tests‘ may be summarized as 
follows: 


‘Test Test Test ‘Test 
No.1 No.2 No.3 No.4 


Number of 50-lb. 

samples tested.. one two two two 
Percentage of sam- 

ple on 23-in. 

Amount of dropped 

coal screened, Ib. 50 100 100 100 
Dust through 48- 

mesh screen and 


loss by difference, 

per cent........ 0.4 03 0.3 03 
Size stability, per 

ee 81.4 81.5 81.8 83.1 


Further comparative results on the 
2 to 3-in. standard and on smaller sizes 


These results show that, while check 
results within 1.5 size stability per cent 
values were readily obtained on non- 
friable and medium friable coals, the 
variance in the corresponding results on 
the very friable coal was 3.5. In the 
experimental work affording these re- 
sults it was noted that, whereas gen- 
erally speaking closer check results were 
obtainable with the sizes smaller than 
the standard ‘2 to 3-in. lumps, the 
duplicability of tests on this standard 
size was appreciably better than on the 
larger 3 to 4-in. lumps also tested. 

The ratio of round hole to square hole 
for coal was found to average 1.14 and 
the ratio of square hole to round hole 
its reciprocal, 0.88. Using this ratio, 
the 2-in. square mesh opening adopted 
as the limiting size (that is the lower 
limit) for preparing the sample for the 
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shatter test for coke (D 141)° corresponds 
roughly to 2}-in. round-hole screen 
opening, for lump coal; and the 3-in. 
square-mesh opening of the upper limit- 
ing screen size adopted in the tumbler 
test for coke (D 294)® corresponds to 
slightly less than 3}-in. round-hole 
opening. Hence the 2 to 3-in. round 
hole size specified for lump coal in the 
drop shatter test is smaller than the size 
of the lumps used in either the tumbler 
or shatter test for coke, but is appre- 
ciably larger than the 1 to 1}-in. square 
mesh size specified in the tumbler test 
for coal. 

Effect of Varying Preparation of Sam- 
ple-—The results of two series of tests 
made to ascertain the effect of varia- 
tion in preparing the 2 to 3-in. standard 
size of lump coal are of interest at this 
point. These tests, which were made 
on two medium friable high volatile 
bituminous coals, on coal 4B from the 
Sydney area, Nova Scotia, and on coal 
C from the Pittsburgh seam, Westmore- 
land County, Pennsylvania, comprised 
drop shatter tests on the 2 to 3-in., 
lumps obtained by screening out this 
size (1) from a supply of screened run-of- 
mine coal in the storage bin, (2) from 
larger lumps, that is, larger than 3 in. 
after dropping them in the shatter test 
machine, and (3) from larger lumps 
broken down with a hammer. ‘The size 
stability results to the nearest 0.5 ob- 
tained in successive tests where the 
dropped coal from two 50-lb. samples 
was screened as one lot are hereunder 
summarized: 


AVER- 

AGE 

Coal 4B Nova Scotia ‘High Volatile 
Bituminous. 

First... Four tests on lumps obtained by 
screening supply from storage bin 
showed size stability per cent 
values of 79.0, 80.0, 78.0, 79.0 

Second. .Two tests on lumps obtained 
from larger lumps after dropping 
in shatter test machine—77.5 
and 80.0..... 79 0 

Third. ..Three tests on lumps obtained 


90 


= larger lumps by hammer 
78.5, 800 and 77.0..... 78 5 


AVER- 


AGE 
Coal C—Pennsylvania High Volatile Bituminous. 
First... Seven tests on lumps obtained by 
screening supply from storage bin 
showed size stability per cent 
values of 89.0, 88.5, 88.0, 88.0, 
86.0, 88.0, 87.5. 
Second. .Three tests on lumps obtained 
from larger lumps after dropping 
in shatter test machine—87.0, 
88.5 
Third...Three tests on lumps obtained 
from larger by 
87.5, 88.5, 87.5. . 


This shows that size stability results 
checking within 2 per cent are readily 
obtainable on the 2 to 3-in. standard 
size and that freshly broken lumps 
obtained from larger lumps, either by 
dropping them in the shatter test 
machine or by reducing them with the 
hammer, are satisfactory for augmenting 
the sample from a given lot of coal. 
The handling during the preparation of 
the gross sample and augmenting the 
sample for test as just described is 
beneficial for discarding lumps in which 
fracture lines make them abnormally 
weak. In this connection care should 
be taken to follow closely the directions 
specified in Section 6 of the proposed 
method in respect to “‘rescreening of 
sample for test,’’ and especially to the 
directions reading “individual pieces of 
coal not passing readily through either 
of the screens shall be tried by hand to 
see if they will pass through the openings 
in any position without forcing.”’ 

This point is also important for screen- 
ing the dropped coal on the larger 2-, 
13 and 1-in. screens. Furthermore the 
directions concerning the weighing of 
the different screen sizes of the dropped 
coal are to be stressed. As described 
in Section 7(b) of the published method, 
this is best carried out by the “cumula- 
tive operation method” in which the 
2 to 3-in. lumps are weighed into a tared 
container, which is then reweighed after 
addition of the successive individual 
smaller screened sizes of dropped coal. 

Variation of Procedure for Screening 
Dropped Coal.—Most of the routine 
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tests conducted at the Fuel Research 
Laboratories are made using a variation 
of the published procedure for screening 
the dropped coal. This is done by the 
cumulative weighing method, but on 100 
lb. resulting from dropping two succes- 
sive 50-lb. lots of the coal being tested, 
instead of on each 50 lb. of dropped coal. 
This variation, which is in accordance 
with the alternative directions for “larger 
size lumps”’ given in Section 14 of the 
drop shatter test, under the supple- 
mentary method procedure for testing 
other “‘single” sizes, is to be recom- 
mended for use when testing the stand- 
ard 2 to 3-in. lumps. 

A numerical example for recording 
and calculating the results of the drop 
shatter test on a single 50-Ilb. sample is 
given in Section 7 under ‘Procedure” 
of the drop shatter test. This numerical 
example is also applicable for screening 
100 Ib. of dropped coal, when the “weight 
per cent” column also serves as the 
“weight recorded” column. 

High, Medium, and Low Size Stability 
Groups.— Using the results already pub- 
lished‘ and those on record, the following 
are suggested as limits for grouping 
coals in respect to size stability as deter- 
mined by the drop shatter test on the 
2 to 3-in. standard size: 


Size 

STABILITY, 

PER CENT 

Above 90... High size stability coals includ- 
ing mainly the hard non-friable 
varieties of anthracites. 

80 to 90 Medium size stability coals, sub- 
group A including the medium 
friable anthracites, the more 
stable low, medium, and high 

volatile bituminous coals, and 
the tough varieties of (non- 
weathered) lower rank sub 
ae bituminous and lignite coals 

70 to 80 Medium size stability coals, sub 
group B including mainly the 
less stable low, medium and 
high volatile bituminous coals, 

7 and the less stable lower rank 
coals. 

Below 70 Low size stability ‘coals including 
the friable and very friable 
hituminous and = lower rank 
coals. 


This grouping is tentative only, and 
should be studied and constructively 
criticized in relation to the friability per 
cent grouping suggested earlier in this 
paper for interpreting the results of the 
tumbler test for coal, and in relation to 
the significance of the supplementary 
method of test for sizes other than the 
standard 2 to 3-in. lumps given below. 


Supplementary Drop Shatter Test Method 
for Sizes Other than the Standard 2- to 
3-in. Lumps: 


Sections 9 to 15 inclusive of the ‘‘Pro- 
posed Method of Drop Shatter Test for 
Coal,” pertain to a supplementary meth- 
od of test for other “‘single” sizes and 
“mixed” sizes--the word “other” im- 
plying sizes other than the standard 2 to 
3-in. lumps. By single sizes are meant 
3 to 4 in., 4 to 6 in., 6 to 8 in., etc., and 
13 to 2in., 1 to 1} in., to1 in., ete.— 
these two groups representing larger and 
smaller sizes of coal respectively than 
the 2 to 3-in. lumps. ‘The mixed sizes 
comprise composites or admixtures of 
two or more of these single sizes. 

Averages of duplicate determinations 
on different single and mixed sizes of coal 
4A, a medium friable Canadian bitumi- 
nous coal used as standard, are given in 
the paper on Coal Friability Tests.‘ 
These may be summarized as shown in 
Table IT. 

The results of multiple tests on differ- 
ent sizes of coal C, the Pittsburgh seam 
high-volatile bituminous coal, including 
the tests on the standard 2 to 3-in. 
lumps, are also of interest here, all the 
results given being on 50-lb. samples 
dropped twice with screen analyses on 
either single (50-Ib.) or double (100-Ib.) 


lots of dropped coal: 
Lumps, IN Size STABILITY, PER 
4 to6 Six tests 81. 3, 80.3, 78 9, 78.7 a 
(79.0 Avg.) 


3 to4....Ten tests 84.3, 84.7, 85 8, 83.9 
84 1,85 6,85 8, 84.1 
83.0,84 7 . .... (84.5 Avg.) 
3: ted. Seven tests 88.0, 89 0, 88 5, 88.0 
86.0, 88.0, 84.5 (87.5 Avg.) 


14 to 2....Three tests 90.2, 90.0, 92.6 (91.0 Avg.) 
1 to 14...Three tests 92.0, 92.8, 92.9 (92.5 Avg.) 
i tol....Two tests 94.8,94.1 .... (94.5 Avg.) 
4 to]. ...Two tests 960,95.6 .... (96.0 Avg.) 
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Coals 4B and C affording the results 
just summarized, it may be repeated, 
were specially screened run-of-mine coal 
from a large supply of each coal from 
storage bins. These coals had received 
an appreciable amount of handling 
during their preparation, in which the 
1}-in. slack had been removed, and 
during the special screening during the 
preparation of the different sizes for 
comparative experimental tests. This 
previous handling accounts to some 
extent for the close checking in the re- 
peated tests on the standard 2 to 3-in. 
lumps and on certain of the other sizes. 


the testing of two 50-lb. samples-which 
reads “This variation in procedure is 
specially recommended for lumps larger 
than 8 in., for which size it is advisable 
that as many as ten lots of approximately 
50 lb. each be tested and the average 
result reported.” It is herewith sug- 
gested and recommended to fuel tech- 
nologists using the drop shatter test for 
lumps larger than the standard 2 to 3-in 
size that tests up to five and more he 
made on each size, and that each test 
comprise the screening of 100 lb. of 
dropped coal from two 50-lb. samples, in 
order to obtain for averaging an ample 


TABLE II.—DAtTA SUMMARIZED FROM PAPER ON COAL FRIABILITY TESTS. 


SINGLE SIZEs, SIZE MIXED SIZES SIZE 
50-LB. SAMPLES STABILITY, 50-LB. SAMPLES STABILITY, 
Droprep Twice PER CENT Droprep Twice PER CENT 
; 4 to 6-in. lumps 70.0 14 to 4-in. lumps 81.8, 85.0 (83.5 Avg.) 
3 to 4-in. lumps 77.0 } to 14-in. lumps 91.3, 92.4 (92 0 Avg.) 
2 to 3-in. lumps $3.5 Minus 4 in. coal 92.8, 94.3 (93 5 Avg.) 
14 to 2-in. lumps 86.0 14 in. slack 96.1, 96.9 (96 5 Avg.) a 
1 to 14-in. lumps 90.0 2 in. slack 98.0, 98.0 (98.0 Avg.) 
4 to }-in. lumps 94 0 


TABLE III.--Data For Two Nova Scotia COoALs. 


S1zeE STABILITY, PER CENT 


Lumps, In. Coat D Coat E 
PE Two tests..... (70 0 Avg.) Two tests 71.8,70.7 (71.0 Avg.) 
Three tests 63 9, Three tests 62.0, 67.8 

62.8, 64.4 (63 5 Avg.) 68.6 (66.0 Avg.) 

56.0, 51.0 (52.5 Avg.) 52.2 (54.5 Avg.) 
‘Two tests Three tests 36 4,40 0 


37.0, 40.1 (38.5 Avg.) 40.7 (39. 


As a rule it has been noted that close 
checks are not so readily obtained on 
freshly mined lump coal that has not 
received much handling, and this applies 
especially to the larger sizes of the more 
friable coals. In this connection some 
results obtained on the larger lump sizes 
of two freshly mined high volatile bitumi- 
nous coals from Nova Scotia may be 
added here (Table III). 

At this point attention may be drawn 
to the “‘procedure”’ directions in Section 
14 of the supplementary part of the drop 
shatter test,’ especially to the last 
sentence referring to the practice of 
screening 100-lb. lots of dropped coal in 


Avg.) 


number of results. An obvious advan- 
tage of screening 100-lb. lots of dropped 
coal is that the weight of each screen 
size gives the percentage of each size 
directly and that the calculation of the 
size stability is thus simplified. 

The practice of obtaining the standard 
2 to 3-in. size from the larger sized 
lumps by dropping them in the shatter 
test machine is an added reason for 
making a number of drop shatter tests 
on the larger single sizes. For these 
tests when conducting the screening on 
100 lb. of dropped coal it is necessary to 
select lumps for two samples that will 
total 100 Ib. rather than making each 
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sample exactly 50 lb.—that is, the sam- 
ple taken may vary plus or minus, say 
up to 5 lb., from the stipulated 50-lb. 
weight. Such a practice is a recom- 
mendable means of augmenting the 
supply of the standard 2 to 3-in. size 
in cases where the gross sample obtained 
by screening out this size from the coal to 
be tested is not sufficient for repeated 
individual tests to obtain results within 
the 2 or 3 per cent tolerance allowed. 
Provided sufficient sample is available, 
the practice of making as many as five 
double tests (equal to ten single 50-Ib. 
tests) is applicable to the 2 to 3-in. size 
as it is to the larger lump sizes. 
Comparative Value of Tests on Different 
Sizes.—The selection of 2 to 3-in. lumps 
as standard size for the drop shatter test 
was meant for the purpose of testing 
and comparing different coals in respect 
to size stability, while the supplementary 
method of test for other single and mixed 
sizes was proposed primarily for testing 
different sizes of the same coal. Size 
stability per cent values for different 
single sizes of the same coal, it has been 
found when examining the above exam- 
ples and many others on record, con- 
sistently vary directly with the average 
size of lumps tested. This agrees with 
the published observances of Smith® who 
selected the 25 to 3-in. round-hole 
lumps in his tentative method for Illinois 
coals but had also tested the 2 to 25-in. 
and other sizes. While agreeable to 2 
to 3-in. lumps as a standard size he 
expressed a preference for close sizing 
and was of the opinion that drop shatter 
tests on different sizes especially for 
lumps larger than the standard would 
not be satisfactory. Yancey® in his 


8C. M. Smith, “An Investigation of the Friability of 
Different Coals,” and “The Friability of Illinois Coals,” 
Bulletin No. 196 (1929), Bulletin No. 218 (1930), respectively, 
University of Illinois Engineering Experiment Station. 
*H. F. Yancey and R. E. Zane, “Comparison of 
Methods for Determining the Friability of Coal,” Report of 
Investigations 3215, U. S. Bureau of Mines (1933). 


U. S. Bureau of Mines work on varia- 
tions of different friability methods as 
applied to coal tested the } to 1-in., 1 
to 1}-in., 1} to 2-in. and the 23 to 3-in. 
lumps sized on round-hole screens. A 
Utah high-volatile bituminous coal, one 
of the six standard coals used, when 
tested in duplicate by the four-drop 
(coke shatter test) method, showed size 
stability values of 94.0, 90.0, 88.0 and 
75.5 per cent for these sizes. Evidently 
these investigators were interested pri- 
marily in selecting the most suitable 
size of coal as standard for a drop 
shatter test, whereas the purpose of the 
A.S.T.M. supplementary method for 
sizes other than the standard 2 to 3-in. 
lumps is for determining the relative 
size stability of different sizes of a given 
coal. 

Such a supplementary testing pro- 
cedure has merit, since it serves to give 
the whole picture of the relative stability 
of the different sized lumps of a coal. 
In this respect it is specially applicable 
to freshly mined coal and, therefore, 
comparative tests may best be conducted 
at the mine before the coal is handled 
to any great extent. 

Size stability values for the different 
sized lumps of coals D and E vary from 
slightly less than 40 per cent for the plus 
8-in. lumps to about 75 per cent for the 
standard 2 to 3-in. lumps and to over 
90 per cent for the 7- to 1-in. and smaller 
sizes. These smaller sizes, it is to be 
noted, have values as high as the stand- 
ard 2 to 3-in. lumps of Pennsylvania 
anthracite. The two bituminous coals 
just referred to are to be classed in the 
“friable” group when examined by the 
tumbler test. Hence a friable coal as 
mined may be considered as composed 
of lumps that will range from low to 
high size stability when tested by the 
drop shatter test method. For such 
friable coals the drop shatter test on the 
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different sizes in conjunction with ordi- Testing of Mixed Sizes.—The supple- 
nary screen analyses may serve to ascer- mentary method of test as mentioned 
tain to what extent run-of-mine coal will above is also applicable for testing mixed 
produce coal in the smaller sizes that will — sizes, but only certain of its merits will 


TABLE IV. Size STABILITY AND FRIABILITY VALUES FOR TWENTY-FIVE COALS VARYING WIDELY 
IN RANK AND FRIABILITY ‘TOGETHER witH “SLACK” AND “ABRASION” INDICES. 


Size Stability by Drop Shatter Friability by Tumbler Test, 
Test, per cent per cent 
a Designation of Coal, Number, Origin, Rank 


On 2- to 3-in. Classification and Grade Symbols On 1 to 1}-in. Abrasion 
(round hole) Slack Index (square mesh) (“‘dust’’) 


Lumps Lumps Index 


35 (3) A—Pa. Anthracite | 19 0 (16) 
(129 A10- $1.0 F28)* 
0 >—Pa. Westmoreland County 22.5 (14) 
High Volatile A Bituminous 
5 Welsh Anthracite 30.0 (17) 
(139 A6- $1.3 F22) 
Alta. Mt. Park Area 34 0 (20) 
Medium Volatile bituminous 
(138 - $0.7 F22) 
-A.ta. Coalspur Area 31 (14) 
High Volatile C bituminous 
(99 - A18 —- $0.7 — F22) 
Saskathewan Lignite 
(76 A6 SO.7 - F24) 
Ohio, Belmont County 
High Volatile A bituminous © 
-(131 A10 $5.0 F20) 
(133 - A1l0- S5 0 F20) 
(133 —- A& - $5.0 F20) 
W. Va.—“ Pocahontas Lump” 
Low Volatile bituminous 
(138 - A12 - F22) 
N—Alta. Saunders Area 
High Volatile C bituminous 
(112 A8—S0 7 F22) 
O—AlUla. Coalspur Area 
High Volatile C bituminous 
(103 A14 $0.7 F20) 
N. S.—Sydney Area 
High Volatile A bituminous 
A—(135 A10 - $3 0 F20) 
P—(136 - A6 $2.0~- F20) 
D—(139 - A6 $1.6 F20) 
Q—Alta. Drumheller Arca 
B 
A8& SO 7 F22) 
N. S.—S pringhill Area 
Hi; Volatile A bituminous | 
R—(130 - §1.6— F20) 
E—(134- A10-$3 F20) 
S—(138 - A10- $1.3 - F20) 
T—(121 - Al2 - $2 0- F20) 
N. B.—Minto Area 
High Volatile A bituminous 
U—(127 - A1l6—$5.0- F20) 
-(124 - A18- $5 F20) 
W—Ala. Prairie Creek Area 
High Volatile B a 
(112 A16 SO.7 — F22) 
S. Inverness Area 
High Volatile C bituminous 
(112 Al4 -S5_ F20) 
7 A—B.C. Nicola Area 
High Volatile B bituminous 
(111 - A1l0 - SO.7 — F26) | 


se ene B.t.u. 12,900, ash 8.1 to 10 per cent, sulfur 0.8 to 1.0 per cent and softening temperature of ash, above 2800 F. 
7, to symbols. ado opted i in Tentative Specificatior as for Classification of Coals by Grade (D 389 - 34 T), Proceedings, 
Am. Soc. Testing Mats., Vol. 34, Part I, p. 841 (1934); also 1936 Book of A.S.T.M. Tentative Standards, p. 527. 

have high size stability values and _ be indicated here. At the Fuel Re- 
whether it can therefore be shipped and search Laboratories, a large number of 
handled without serious size degrada- mixed sizes, in addition to different single 
tion. sizes of the same coal, have been tested 
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as part of the physical and chemical 
survey of coal from Canadian collieries. 
In these tests practically no difficulty 
has been experienced in obtaining size 
stability per cent results on duplicate 
and triplicate tests agreeing within 2 
(and 3) per cent, when restricting the 
largest size lumps in such mixed sizes 
to less than 4 in. For best results, 
however, strict attention must be paid 
to the directions given in Section 13 un- 
der “‘Preparation of Sample” of the drop 
shatter test® reading as follows: 


The sample of coal for test shall be pre- 
pared in accordance with Sections 5 and 6. 
For slack coals and mixed sizes the sample 
shall be carefully prepared either by the 
process of quartering or by reassembling the 
different sizes in the proportion obtained in 
the preliminary screening of the lot of coal 
to be tested. For 3-in. and smaller size 
slack coals, quartering is satisfactory, while 
for larger size slack coals and for blends of 
two or more single sizes the latter reassem- 
bling method is recommended. Before drop- 
ping, the sample shall be rescreened on the 
same series of screens selected for screening 
the dropped coal. 


Drop shatter tests on a composite 
run-of-mine coal, through a 4-in. screen 
for example, in comparison with tests 
on the 2- to 3-in. and smaller single sizes 
serve to demonstrate their comparative 
handling properties. Referring to the 
data given above on coal 4A it will be 
noted that, whereas the size stability of 
the 2 to 3-in. lumps was 83.5 per cent, 
the composite mixed 4-in. coal was found 
to be 93.5 per cent, midway between 
the stabilities of the smaller ? to 1-in. 
and 3 to 3-in. sizes. This indicates the 
cushioning effect of the smalls and fines 
on the larger lumps in the 4-in. coal, 
which lumps, in this case, amounted to 
nearly 40 per cent larger than 2 in. 
Such results support the viewpoint that 
the best way to ship friable coals in 


order to prevent size degradation is as 
run-of-mine or slack, and when the 
market calls for sized coal the sizing 
should be done as near as possible to the 
point of delivery to the ultimate con- 
sumer. 

Slack Index.—As described in explana- 
tory note 2 at the end of the drop shatter 
test,’ “the percentage passing the screen 
with the ?-in. openings may be reported 
to the nearest whole per cent as the ‘slack 
index’ to indicate the comparative slack- 
producing characteristics of the particu- 
lar size of coal tested.” Coals C and D 
as below are good examples of the re- 
lation of the slack indices to size stability 
per cent values on different coals, as 
well as on different sizes of each coal: 


Coal C Coal D 


Size Size 
Stability, Slack |Stability,) Slack 
per cent | Index | per cent | Index 
2 to 3-in. lumps. | 88 6 | 77 12 
3 to 4-in. lumps. 84 6 | 71 13 
4 to 6-in. lumps. 79 5 66 12 
6 to 8-in. lumps. y 51 14 


These results illustrate that, corre- 
sponding to a difference of ten in size 
stability, the slack index of the more 
friable coal was double that of the more 
stable coal, but that this index does not 
change materially and progressively for 
the lumps larger in size than 2in. The 
reporting of the slack index as supple- 
mentary information on a given coal may 
advisably, therefore, be restricted to the 


standard 2 to 3-in. size. _ 
GGENERAL COMPARISONS AND 


CONSIDERATIONS 


A comparison of the values obtained 
by the tumbler and drop shatter test 
methods for a series of twenty-five coals 
varying widely in friability is shown in 
Table 1V. This table comprises both 
the size stability and the riability values 
determined according to the two drop 


of 
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shatter test and the 1-hr. tumbler test 
standardized procedures. Its contents 
deserve detailed study and comment, but 
only some of the more salient points will 
be discussed here. 

The coals are listed according to the 
descending order of their size stability 
per cent values for standard 2 to 3-in. 
size lumps. The number of coals shown 
is too limited to draw other than very 
general comparisons and conclusions. 
Generally the corresponding order of 
the friability per cent values is in the 
reverse order—from low to high—but 
considerable irregularity and overlapping 
is to be noted. This is illustrated by 
the following comparison of groupings 
(where SSP means size stability per 
cent): 

Size STABILITY, PER CENT, CORRESPONDING FRIABILITY, 


Groups AND VALUES PER CENT, GROUPS AND 
ALUES 


Low friability group 
Below 20 
Medium friable and 
friable groups 


High SSP group... 
Above 90 
Medium SSP group... 


Sub-group A, 80 to 20 to 35 
90 
Sub-group B, 70 to 20 to 45 
80 
Low SSP group...... Medium and _ friable 
groups 
Below 70 30 to 50 


Similarly, if the twenty-five coals are 
arranged in order of their friability per 
cent, as obtained by the tumbler test, it 
will be found that the non-friable group 
with friability per cent values below 20 
contains the coal with SSP above 90, 
that the medium friable group com- 
prising sub-divisions A (20 to 30) and 
B (30 to 40) contain coals with SSP 
values from 88 to 68 and that the 
“friable” (40 to 50) group contains coals 
with SSP values ranging from 78 to 66. 

Consideration of such a series of coals 
according to their descending size stabil- 
ity values is to be preferred because the 
SSP values are believed to be more 
in accordance with the size degradation 
taking place in the ordinary commercial 
handling of lump coal. Incidentally 


those producers and distributors of coal 
marketing specially sized products where 
stability of size is important would no 
doubt prefer to have their coal desig- 
nated in terms of “size stability” as 
adopted for the drop shatter test rather 
than in terms of ‘‘friability’’ as adopted 
in the tumbler test. On the other hand 
those marketing coals for use such as 
pulverized fuel, by-product oven coking, 
etc., where stability of size is not an 
important factor, may welcome having 
their coal designated in terms of friabil- 
ity, providing the corresponding size 
stability factor was sufficiently high to 
meet storage and other requirements. 


Abbreviations for Expressing Handling 
Properties of Coal: 


In accordance with these viewpoints 
it is advisable to determine and report 
both the size stability and friability 
values. This may be done by stating 
these values for a given coal verbatim 
or by the use of an abbreviation as per 
the following example: 


Handling properties................... 88-22. 


Here 88 would be the size stability per 
cent, to the nearest whole number, as 
obtained by the drop shatter test on 
standard 2 to 3-in. lumps, and 22 
would be the friability per cent, also 
to the nearest whole number, as ob- 
tained by the tumbler test method. 
If symbols are preferred as prefixes 
the expression Ss 88-—Fr 22 could 
be used where “Ss” and “Fr” would 
mean size stability per cent and fri- 
ability per cent respectively. Such a 
two-fold expression would serve to 
differentiate between two or more coals 
showing approximately the same size 
stability values but having different 
friability per cent values, and vice versa. 

If and when considered desirable to 
report the grindability, in conjunction 


with the size stability and friability, 
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either by the ball-mill method, or by 
the Hardgrove-machine method, this 
may be done by adding a grindability 
index to the friability values in either 
abbreviated or symbol form. 


Ilistory and Screen Analysis of Coal: 


It has been observed that two ship- 
ments of coal from the same mine and 
the same seam sometimes show appre- 
ciably different size stability per cent 
values by the drop shatter test and this 
applies also to the tumbler test. Sucha 
difference is as a rule explainable either 
by a variation in the coal seam or by a 
variation in the amount of handling 
before testing. If, for example, the 2 
to 3-in. lumps obtained as sample for the 
drop shatter test are derived from the 
larger, more resistant lumps of screened 
coal after a great deal of handling, the 
size stability per cent result may be 
noticeably higher than when the sample 
for testing is screened out of the smaller 
size run-of-mine product, in which the 
less resistant lumps have been protected 
from breakage by smalls and fines. In 
this respect, therefore, it is advisable to 
know and record, if available, both the 
history of the lot of coal to be tested 
and its screen analysis prior to testing. 


GENERAL SERVICEABILITY AND 
CONCLUSIONS 


A casual survey of the contents of 
Table IV demonstrates the closeness to 
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each other of the results reported. It is 
to be noted that, among the size stability 
and friability per cent results reported 
to the nearest 0.5 per cent, as many as 
seven coals show SSP (size stability per 
cent) values within 2, the tolerance 
tentatively adopted for two or more 
tests on the same coal, and that each of 
two sets of four coals have friability per 
cent values within this limit. This, 
therefore, means that the tests are 
serviceable for ascertaining the similar- 
ity of coals in respect to size stability 
and friability, rather than for determin- 
ing values within narrow limits in order 
to emphasize their dissimilarity. 

In conclusion, the general serviceability 
of the drop shatter and tumbler test 
methods may be stated to be a means of 
placing coals in groups in respect to size 
stability per cent and friability per cent; 
a range of ten has been suggested for 
individual groups. The testing of coals 
by the two methods is advisable in order 
to indicate the relative handling proper- 
ties in respect to friability. The drop 
shatter test serves for determining the 
resistance to breakage due to a lesser 
amount of handling as in the ordinary 
preparation and transportation of lump 
coal, while the tumbler test serves for 
determining the liability to further 
breakage and ease of breakage when the 
coal is subjected to rougher handling 
as in mechanical conveyors, feed devices, 
crushers, etc. 
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Mr. J. A. TAyior' (presented in 
written form).-Tests made with the 
small jar tumbler show that the 1-hr. 
test is just as duplicable as the former 
3-hr. test. This should uphold the 1-hr. 
test as tentatively adopted and elimi- 
nate the 3-hr. test. 

An attempt is made to show the 
effect of closer sizing in selecting the 
sample. The conclusion reached is that 
the 1.5 to 1.05-in. sample should be 
fairly uniform with respect to the sizes 
in between. Relatively large errors 
may be made in extreme cases, but, in 
general, any error from this source will 
be offset by the error in the deter- 
mination. 

Regarding values obtained with the 
drop shatter test, three methods of 
selecting samples showed little difference 
in final results with the 2 to 3-in. size: 
namely, from run-of-mine in storage 
bin, from shatter tests made with larger 
sizes, or from lumps broken down with 
the hammer. The over-all 2 per cent 
accuracy of the test undoubtedly covers 
any errors from this type of sampling. 

Many tests using various sized coals 
in the drop shatter test are shown and 
discussed. The principal value in test- 
ing large sizes seems to be that a con- 
siderable amount of the so-called stand- 
ard 2 to 3-in. size can be produced for 
use in a standard test. On large sizes 
the checks are poor and numerous tests 
have to be made to obtain a good aver- 
age. In testing the small sizes the main 


1 Research Assistant in Fuel Mineral 
Industries Experiment Station, The Pennsylvania State 
College, State College, Pa. 


point is that size stability per cent is 
large even with quite friable coals and 
that there is, therefore, little distinction 
between different coals. 

The testing of mixed coals by the 
drop shatter test seems to me to afford 
very little information other than that 
which is already obvious without the 
test. The size stability index resulting 
from a test on a run-of-mine coal with a 
large average size cannot compare with 
the size stability index from a test with 
a run-of-mine coal having a_ small 
average size. The advantage pointed 
out for such testing seems irrelevant. 

One of the main features of this 
paper is the classification of coals both 
by the friability per cent from the jar 
tumbler test and by the size stability 
per cent from the drop shatter test. 
The authors arbitrarily set up various 
groupings which cover all coals over a 
very large range. The coals do not fall 
into exactly the same groupings with 
both tests as tentatively set up by the 
authors, but on the whole there is some 
agreement. In concluding, the authors 
recommend that testing be done by both 
methods. If some sort of average be- 
tween the friability per cent and size 
stability per cent could be arranged, 
these tests might be useful for classifying 
coals, but of course it must be realized 
that all testing of this nature is highly 
empirical and not very fundamental. 

Mr. Martin Friscu.2—I know that 
Mr. Gilmore has done a great deal of 
work on the study of friability and 


2 Chief Engineer, Boiler and Pulverizer Division, Foster 
Wheeler Corp., New York City. 


436 


( 
J 
( 
j 
y 
b 
ti 
t| 
S 
if 
Ci 
cl 
tl 
b 
al 
m 
al 
ec 
te 
re 
sh 
fo 
pe 
Va 
na 
est 
CO% 
cri 
de: 
cle 
is 
ind 


“grindability,” and I wish to inquire 
whether he has been able to derive a 
correlation between friability and 
“grindability.”” Our experience  indi- 


cates that there may not really be much 


difference between the usefulness of 
friability and “grindability” tests in 
indicating che probable behavior of a 
coal when undergoing rough handling, 
whether in shipment or in a crusher or 
in a pulverizer. As a matter of fact, 
when I first became interested in the 
pulverizing characteristics of coals, 
before there was such a thing as a 
“grindability” test, I found it possible 
to correlate in a rough manner many of 
the friabilities reported by Mr. Cloyde 
Smith” of the University of Illinois, 
with actual performances in pulverizers. 
It is quite possible, now that results of 
carefully made friability tests can be 
checked with an accuracy of 2 per cent, 
that a correlation could be obtained 
between friability and “grindability,” 
and a great deal of the work done to 
measure friability could be made avail- 
able to users and makers of pulverizing 
equipment. 

It may be that results of friability 
tests will prove to be just as useful as the 
results of “grindability” tests. If that 
should prove to be the case, the necessity 
for the “grindability” test may disap- 
pear. It certainly would be an ad- 
vantage if coal shippers as well as coal 
users could use the same test and index: 
namely, the friability test as a basis for 
estimating the ease of degradation of 
coal whether in handling, shipping, 
crushing or pulverizing. 

The writer’s work and experience as 
described in our paper on grindability 
clearly indicates that “grindability” 
is an arbitrary and not an absolute 
index of a coal and that the relative 


*# Cloyde Smith, “An Investigation of Friability of Dif- 
erent Coals,” Bulletin 196; “The Friability of Illinois 
Coals,” Bulletin 218, Engineering Experimept Station, Uni- 
versity of Illinois. 
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ranking of a material as to its é4sé of 
degradation depends on the kind of test 
used to determine the “grindability.” 
Each method of ranking assigns a 
different relative rank to a coal and that 
rank is generally different from the rank- 
ing assigned by actual pulverizer tests. 

Mr. R. D. HAty.3—This paper is 
extremely practical. There are two 
things that we need to discover. We 
are trying, on the one hand, for classifi- 
cation of coal as coal, and in addition 
we are trying to find out the charac- 
teristics of coal as mined and delivered. 
This paper has to do with coal as mined 
and delivered. Now, coal in the bed is 
doubtless very much stronger than the 
coal as mined and delivered, because it 
has not been shattered by the explosions 
by which the coal is brought down. 

Some time ago J. F. Joy told me that 
his machine for cutting coal out of the 
bed without shooting but with the aid 
of a hydraulic mat which separates the 
blocks, is not successful in bringing 
down big blocks of coal until the 
advance of the machine has exceeded 
three cuts ahead, of former mining, 
that is, 18 ft., showing that in those 
18 ft. there was a certain degree of 
shattering; so you can see that when 
we go into the mine we really never 
see the coal as it is but we rather see the 
coal after it has been shattered. The 
original coal, therefore, has much greater 
strength than the form in which it 
is tested. If it were taken out of the 
solid and tested it would be found to be 
much stronger. 

The harder the coal, the more we 
shoot it, and, therefore, the more we 
crevice it. Consequently, the harder 
the coal, the more damage we do to it 
and the less we show its real and true 
strength—a consideration that we should 
keep in mind. The observations made 


3 Engineering Editor, Coal Age, New York City 
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by Messrs. Gilmore and Nicolls are on 
mined and delivered coal and not coal 
as it is in the bed. I have sometimes 
questioned whether the studies which 
have been made into the plasticity of 
coal by the U. S. Bureau of Mines 
_ should not be to some extent discounted 
because the explosives have been used 
in driving the roadways in which those 
tests are being made, for the coal is 
probably creviced to some extent and 
- they did not have coal in its pristine 
condition. On the other hand, when 
the Bureau of Mines made its experi- 
‘ments on the compression of coal in 
blocks they mined that coal out very 
carefully. They did not shoot it, and 
the result is they probably found that 
they had a stronger coal to deal with, 
and that may have had some effect 
on the relation between the two classes 
of investigation. It may prove that 
after all there is some value in those 
block coal investigations which has not 
been duly considered. In the one case 
they have blocks which have no side 
support; in the other case they have 
coal which, while it had a side support 
and rear support, is at the same time 
already more or less creviced by mining. 
_Now, what are we after? Are we after 
the classification of the coal as it is in 
the ground or are we after the classifi- 
cation of coal as it is prepared for the 
market or at the point of delivery? 

Mr. R. E. to 
Mr. Frisch I may say that we have at 
Ottawa grindability and friability data 
on a number of coals. The results show 
a general relation only, between fri- 
ability and grindability—the more fri- 
able coals, of course, having higher 
grindability indices. The _friability 
method employing 1 to 1}-in. (square 
mesh) lumps serves for indicating the 
inherent weakness of the coal when 


4 Senior Engineer, Fuel Research Laboratories, Division 
of Fuels, Canadian Bureau of Mines, Ottawa, Ont., Canada. 
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subjected to handling such as in me- 


chanical feed devices and _ crushers, 
whereas grindability tests are desired 
for indicating relative power require- 
ments for reducing the coal particles 
to the fineness required for pulverized 
fuel combustion. Hence friability tests 
will not likely do away with the necessity 
of making supplementary grindability 
tests since the latter afford a means of 
differentiating between coals having ap- 
proximately the same friability per cent 
values. 

Replying to Mr. Hall I might empha- 
size that the drop shatter (size stability) 
test is considered to be serviceable for 
testing the relative strength of different 
sized lumps from the time the coal is 
mined to when it reaches the consumer, 
as well as for comparing the standard 
2 to 3-in. sized lumps, and other sizes 
for that matter, of different coals. 

Mr. L. A. SHipMAn® (presented in 
written form).—In connection with the 
drop shatter tests, | wish to offer some 
information which was obtained in 
breaking strength tests on coal. The 
results of these tests indicated that with 
some coals the difference between the 
breaking strength with and against the 
grain is so great that the results from a 
drop shatter test with these coals could 
hardly be compared with the results on a 
practically grainless coke or a coal in 
which practically no difference is ob- 
tained with and against the grain. In 
the case of some coals where there are 
two or more strata in the seam having 
different breaking strengths either with 
or against the grain, the results of a 
drop shatter test would be influenced 
by the percentages of the different strata 
included in the drop test. 

In applying breaking strength tests 
to coal samples, we developed some 
interesting facts. In these tests, after 


5 Combustion Engineer, Southern Coal and Coke Co., 
Knoxville, Tenn. 
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facing the sides of the coal to be tested 
with plaster of Paris to insure smooth 
faces for applying the load, the measured 
pieces of coal were placed in the machine 
and the load applied. In testing coal 
from the Harlan seam, six samples of 
two kinds of coal were taken and were 
prepared so as to test three samples 
with the grain and three samples against 
the grain. Load was applied until the 
coal broke and would not pick up the 
weight of the scales again. 


BREAKING STRENGTH, 


Size OF BLock, PRESSURE STRENGTH, LB. PER 
APPLIED LB. $Q. IN. 
No. 1.—Coal with Splint Streak: 
64 by 6} by 64 
high With grain 91 600 2255 
54 by 7 by 6 
high Againstgrain 162 000 4155 


No. 2.—Black Shiny Coal with Little A pparent Grain: 
54 by 64 by 6 


ig With grain 
64 by 74 by 6} 
high 


112 900 3158 
Against grain 137 400 2818 


The point I wish to bring out is that 
in some coals there is a large difference 
in the breaking strength with the grain 
as against the grain. 

I have an instance of one coal having 
a strength of 1477 lb. per sq. in. with 
the grain and 5020 Ib. per sq. in. against 
the grain. The drop shatter test with a 
coal having such a large difference 
between the breaking tests will show a 
wide variation in results depending on 
the number of pieces dropping with 
and against the grain. 

In the case of a coal with practically 
no grain, where the breaking strength 
both with and against the grain is 
nearly the same, fairly close results 
should be obtained where the sizes 
or weights of pieces are fairly uniform. 

One other item of interest is that 
where the pieces of coal had broken 
down in this test, a fairly large block 
of coal remained which could be handled 
fairly well but which could be pulled 
apart with some effort. When coal is 


has taken weight to the point of breaking 
down, a considerable number of medium 
and large pieces will carry over the screen 
and be loaded in the block or egg car. 
In such cases, where the coal is already 
fractured internally, the drop test would 
not check closely with another sample 
which contained none or a smaller per- 
centage of the fractured coal. 

Mr. R. J. HoLpen® (by letter).— 
For several years the Engineering 
Experiment Station of the Virginia Poly- 
technic Institute has been making coal- 
friability tests. The primary purpose 
of these tests was to determine what 
relation, if any, exists between coal 
friability and the geological experiences 
through which the coal has gone. The 
secondary purpose was the matter of 
friability of coal of various types without 
regard to geological relations. 

In our earlier testing work we used 
porcelain cylinders provided with baffle 
plates. For certain coals this gave 
satisfactory results, but on other coals 
a large part of the off-fall represented 
abrasion and not shattering. For our 
main purpose, it was essential to have a 
method which would apply to all coals 
regardless of rank and one in which the 
shattering factor was more prominent. 
Tests were considered which theoreti- 
cally would reduce the abrasion factor 
to zero, but these were discarded in 
favor of a method which would include 
what seemed to be an appropriate abra- 
sion factor. 

The Deval type abrasion rattler, 
which is a standard machine used for 
testing the resistance to abrasion of 
stone used for road construction, was 
adopted. This machine has cylinders 
20 cm. (approximately 8 in.) in diameter 
by 34 cm. (approximately 13} in.) long. 


These are set with the cylinder axis 


6 Professor of Geology, Virginia Polytechnic Institute, 
Blacksburg, Va. 
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at an angle of 30 deg. with the shaft, 
which revolves at 30 r.p.m. The ma- 
terial in the cylinders is then dumped 
back and forth between the ends of the 
cylinders as the shaft rotates. 

Trials were made to determine the 
most satisfactory lengths of time for 
tests, the fines were removed at 15-min. 
intervals, and time versus off-fall curves 
plotted through 3-hr. periods. It was 
found that for different coals there 
was gradual divergence in the curve 
through 2 hr., but thereafter the curves 
were essentially parallel. The 2-hr. 
period was, therefore, adopted as the 
standard time. The charge used was 
3000 g. 

For our purpose it was essential to 
have a unit friability figure and it was 
desirable to obtain this directly from 
the tests rather than by computation 
from the different sizes of the off-fall. 
It was found by experience that in 
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general when coals broke up on fria- 
bility tests they broke to fairly small 
particles. Accordingly, the No. 4 sieve 
was adopted as standard, and the per- 
centage of material passing this sieve was 
adopted as the unit friability figure. 
This method gave us a wider range of 
friability than had been obtained by 
methods which had been used previously. 

Different types of coal tested gave fri- 
abilities as follows: Cannel (one sample) 
2.4, anthracite 8 to 11, hard block coals 
14 to 20, semi-anthracite 20 to 25, me- 
dium granulated 20 to 40, high granu- 
lated 40 to 60. 

As a standard method for friability 
this gives a wide range of results, is ap- 
plicable to all kinds of coal, uses stand- 
ard apparatus, and gives a result directly 
from the experimental data. If a dust 
factor is desirable, it can be obtained by 
subsequent screening of the material 
passing the No. 4 sieve. 
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PULVERIZER PERFORMANCE AS AFFECTED BY GRINDABILITY OF 
COAL AND OTHER FACTORS 


By MARTIN Friscu! anp A. C. Foster! 


The Society after a cooperative inves- 
tigation of four methods has recently 
published twoas tentative methods of test 
for rating coals as to their relative pul- 
verizing characteristics, now commonly 
termed grindability.2, Makers and users, 
alike, of pulverizing equipment are in- 
terested in the meaning of these ratings 
in terms of actual performances of com- 
mercial pulverizers. Data are herewith 
presented to show the relation between 
results of various laboratory methods for 
determining grindability and between 
grindability and commercial pulverizer 
performance. 

The Society became interested in 
grindability shortly after Cross* in 1926 
first developed and described a labora- 
tory test procedure for ranking coals in 
accordance with index numbers propor- 
tional to the amount of new surface pro- 
duced per unit weight of sample during 
a prescribed laboratory treatment ina 
standard laboratory jar mill. Since then 
others have investigated the problem 
and advanced its understanding. 

Hardgrove* in 1931 described a test 
procedure, now known as the Hardgrove- 
machine method, which he developed for 
ranking coals in accordance with ratios 

1 Chief Engineer, and Pulverizer Engineer, respectively, 
Boiler and Pulverizer Division, Foster Wheeler Corp , New 
York City. 

2 Tentative Methods of Test for Grindability of Coal by 
the Ball-Mill Method (D 408 - 35 T), and for Grindability of 
Coal by the Hardgrove-Machine Method (D 409-35 T), 
Proceedings, Am. Soc. Testing Mats., Vol. 35, Part I, pp. 
854 and 857, respectively (1935); also 1936 Book of 
AST.M. Tentative Standards, pp. 532 and 535, respec- 
tively. 

3 Progress Report on Pulverizing Characteristics of 
Coal, A.S.T M. Committee D-5, Subcommittee VII. Pri- 
vate communication by B. J. Cross (1927). 

4R. M. Hardgrove, “Grindability of Coal,” Transac- 


tions, Am. Soc. Mechanical Engrs., Fuels and Steam Power 
Division, Vol. 54, p. 37 (1932). 


of the new surface produced during a 
laboratory test of a coal and the new 
surface produced when testing an arbi- 
trarily selected standard coal in a like 
manner. Like Cross, Hardgrove used 
surface estimates for ranking coals, but 
he employed, instead of the standard jar 
laboratory mill, a treating machine of 
special design. 

Frisch and Holder® in 1933 presented 
results of a simplification of Hardgrove’s 
method, hereafter referred to as the 
I’. W. method, which they had developed 
and used since 1931. By this method, 
coals are ranked in accordance with 
direct fineness measurements of the 
Hardgrove machine test product as 
given by the amount passing some one 
sieve such as the No. 300, No. 200, or 
No. 100 sieve, eliminating the necessity 
of calculating surface ratios from the 
results of screen analyses involving the 
use of seven sieves and seven surface 
factor estimates. 

Baltzer and Hudson’ in 1933 described 
a new procedure known as the F. R. L. 
method, employing the standard labora- 
tory jar mill. The grindability is the 
amount of minus 100-mesh material pro- 
duced in the last of three equal pre- 
scribed cycles. In this method an effort 
to simulate actual pulverizer operation 


5 Martin Frisch and G. C. Holder, “Correlation of 
Grindability with Actual Pulverizer Performance,” 
Combustion, Vol. 4, No. 12, June, 1933, p. 29; Vol. 5, No. 1, 
July, 1933, p. 34. 

6C. E. Baltzer and H. P. Hudson, ‘‘Fuel Research 
Laboratories Simplified Method for Rating the Grindability 
or Pulverizability of Coal, Correlated with Van Brunt 
Cross and Hardgrove Methods,” Canada Department of 
Mines, Division of Fuels and Fuel Testing, Ottawa, 


February 1, 1933. 
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is made by removing the finished product 
at the end of each cycle and replacing it 
with an equal amount of original feed. 
Were this carried out for a sufficiently 
large number of very short cycles, the 
mode of operation of a pulverizer with 
continuous feed and discharge would be 
approximated better than by any other 
method so far proposed. 

Yancey, Furse, and Blackburn’ in 
1934 described a method, now known as 
the Bureau of Mines ball-mill method, 
employing a special ball mill of stand- 
ardized dimensions. By this method 
coals are ranked in accordance with the 
reciprocal of the number of revolutions 
required to pulverize a 500-g. sample in 
eight equal steps or cycles until 80 per 
cent is removed as minus 200-mesh 
material. 

In 1934 the Society’s Committee 
D-5 on Coal and Coke undertook a 
cooperative investigation to compare the 
then best-known procedures in order to 
determine their relative accuracy, repro- 
ducibility, speed, and equivalence in 
ranking the materials tested. These 
were the Cross, Hardgrove, U. S. Bureau 
of Mines and the F. R. L. (Canada De- 
partment of Mines) methods. The re- 
sults of this cooperative investigation in 
which participated the U. S. Bureau of 
Mines, Babcock & Wilcox Co., Canada 
Department of Mines, Fuel Engineering 
Co., and Foster Wheeler Corp., hereafter 
referred to as laboratories A, B, C, D, 
and E, respectively, were summarized, 
analyzed, and discussed in 1936 by 
W. A. Selvig.® 

As a result of the cooperative investi- 
- gation the Society adopted the Bureau of 
Mines ball-mill and the Hardgrove- 
machine methods as tentative methods 


7H. F. Yancey, O. L. Furse and R. E. Blackburn, 
“Estimation of the Grindability of Coal,’”’ Transactions, 
Am. Inst. Mining and Metallurgical Engrs., Vol. 108, pp. 
267-283 (1934). 

8 W. A. Selvig, ‘“‘Check Determinations of Grindability 
of Coal by Various Methods,” Report of Investigations 
3301, U.S Bureau of Mines, February, 1936. 
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of test (D 408-35 T and D 409 - 35 T, 
respectively).? Since their approval the 
Subcommittee on Pulverizing Charac- 
teristics of Coal of the Society’s Com- 
mittee D-5 on Coaland Coke has voted to 
revise Tentative Method D 409-35 T 
to specify the use of the fineness of the 
Hardgrove machine product as measured 
by the amount passing the No. 200 sieve 
as the basis for calculating grindability 
from the empirical equation: 


Grindability = G = 13 + 6.93 W 


where W is the weight in grams of the 
50-g. sample passing the No. 200 sieve. 

Meanwhile Sloman and Barnhart? in 
1935 described a very simple method 
developed by them at the Carnegie Insti- 
tute of Technology for rating coals as 
to grindability in accordance with sur- 
face calculations. This method, known 
as the C.I.T. roll test, involves the crush- 
ing of a small sample by passing a stand- 
ard roller over it 10 times. 

Yancey and Geer'® in 1935 reported 
the results of further investigations of 
procedures for determining grindability 
including comparative tests of the C.LT., 
Hardgrove, and ball-mill methods. 

Black" in 1936 described grindability 
tests with the ball-mill method based on 
the use of samples of the same volume 
instead of the same weight for each test. 

After the adoption of the tentative 
methods, a study was undertaken by the 
authors to determine the relation between 
the F.W. coal ratings used by them 
since 1931, and other grindability ratings 
so as to facilitate the correlation of the 
results of commercial pulverizer tests 


9Harold J. Sloman and Arthur C. Barnhart, “The 
Relative Grindability of Coal,’’ Transactions, Am. Soc 
Mechanical Engrs., Fuels and Steam Power Division, Vo! 
56, 773-779 (1934). 

10H. F. Yancey and M. R. Geer, “Further Investigation 
of Methods for Estimating the Grindability of Coal,’ 
Contribution No. 94, New York Meeting, Am. Inst. Mining 
and Metallurgical Engrs., February 1936. 

1 C. G. Black, “Investigation of Procedure for Deter- 
mination of Coal Grindability by the Ball-Mill Method,” 
Contribution No. 95, New York Meeting, Am. Inst. Mining 
and Metallurgical Engrs., February, 1936 
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7 
TABLE I.—RESULTS OF GRINDABILITY DETERMINATIONS OF FIVE SELECTED COALS BY A 
Various METHOps. 
: | | Laboratory 
J | | A B Cc D E CLT | F. W. Method 
BALL-MILL METHOD 
e {| No.1 595 685 603 | 627 
\f 5 7 
d Revolutions for 80 percent} | 1166 | 1267 | 1296 | 
| Passing No. 200 Sieve No.4 | 1342 | 1360 | 1345 | 1 
| | No. 5 1939 | 1940 | 1968 | 2 019 967 
{ | No.1 4.45 3.86 | 4.25 
y | | No. 2 2.50) 2.36, 2.44) 2.42 
Grindability, lb. per hr. | No. 3 2.27) 2.09, 2.20) 
| | No.4 1.97 1.94, 1.95) 
| | No. 5 1.36 1.34) 
HARDGROVE-MACHINE METHOD 
No. 39.4 | ( 
(100, Percentage Passing | | XO: } 26 9 20 4 
in No. 100 Sieve No. 3 23.7 18.2 
od No. 5 13 4 | 10.0 
No. 200 Sieve No. 3 13.6 11.2 
wn No. 5 67 6.8 6.9 | 5.4 
more 21.3 | 19.0 dic 20.2 15.9 
1300, Pescentage Passing } | No.2 | 13.1| 10.9| 12.41.0000 12.1 9.3 
No. 300 Sieve mes | 10 6 87 
No. 4 8 3 71 7.9 | 6.2 
Emore | 27 692 | 25 900 | 27 630 |...... 27 074 | 586 
lity No.1 28 180 | 26 745 | 28 390 | 27 771 24 403 
Surface Units, } | No.2 17 947 14 234 
4 | | No. 3 16 590 | 15 949 | 15 754 1 REA SN 16 097 12 $23 
No. 4 14 030 | 12 814 | 14 417 13 754 11 086 
No. 5 10 120 | 9 489 | 10 462 10 024 7 784 
more 100.0} 1000} 100.0 | 100.0 | 834 
on Surface Ratios, Grind- | | No. 1 100.5 | 103.4] 102.2 994 | 82.6 
bility, G = 100 >" | No.2 66 9 66.5 66.5 | 57.9 | 48.2 
ime — No. 3 596 | 53.1 | 44.1 
| No. 4 sca 509 | 45.2 | 37.5 
est. where = Emore | | No. 5 37.0 31.8 | 264 
tive CANADA DEPARTMENT OF MINES F.R.L. 
th No. 1 321 308 335 
en No. 2 205 191 236 237 211 
hem scarded, g. No. 4 207 202 175 
ings No.5 | 127 41 | | 96] 
the Cross 
tests | No.1 | 1036 sso 933° «(| saz | 796 | 
| | No.2 526 519 401 |....... 400 
Surface Index | No. 3 : 
“The No. 4 
1. Soc | No. 5 
n, Vol 
igation 
Coal, { | No.1 
Mining Sn} | No.2 
Surface Ratios, G= 100 No. 3 
eter. Sil | No.4 
ethod, | | No. 5 
Mining 
* Standard coal rating 100 = Emore. 
Standard coal rating 100 = Jenner. 
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and day to day pulverizer performance 
records known to them, with these other 
grindability ratings. The methods 
studied were: the four investigated dur- 
ing the cooperative investigation; the 
F.W. method used for ranking the coals 
on which most of the commercial pul- 
verizer performance data hereafter dis- 
cussed were obtained; the C.L.T. roll 
test; and the constant volume modifica- 
tions of the two tentative methods. 

During the A.S.T.M. cooperative 
grindability tests, laboratory E treated 
each of the five coals investigated also by 
the F.W. method and thereby estab- 
lished the convertibility of results ob- 


TABLE II.—RELATIVE RATINGS OF COALS BY VARIOUS LABORATORY METHODS. 
Norte.—For significance of symbols see Fig. 4. 


Ball-Mill 


Method | Hardgrove-Machine Method 
| 
| 8s | Sc 
Nei Ns ns 
om.) | &8 | 
48) 4E | Ae 
| r=] i=] r=] 
BaS| 22 | 22 | 
| a a 
100 | 100 “100 | 100 , 100 | 100 
OE Ee: 57 56 65 67 58 58 
52 50 58 59 51 51 
| ee 44 50 52 39 38 
32 30 36 | 34 | 26 | 25 
| 100 99 | #99 97 


tained by this method into results ob- 
tained by the ball-mill method (D 408 
35T) and the MHardgrove-machine 
method (D 409-35 T). This made it 
possible for the authors to derive from 
results of parallel tests of the same five 
coals by five laboratories a satisfactory 
correlation between F.W. grindability 
index numbers and grindabilities ob- 
tained by other methods and labora- 
tories. A large amount of actual com- 
mercial pulverizer performance data 
obtained on coals which had been tested 
and rated by the F.W. method only and 
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Relative Ratings Based on Laboratory Tests—Coal No. 1 = 100 


had been previously correlated by the 
authors only in terms of F.W. index 
numbers is now correlated with grinda- 


bilities obtained by other methods and 
laboratories. 


RELATIVE GRINDABILITY RATINGS FROM 
LABORATORY TESTS 


In Tables I and II are summarized the 
average results and relative ratings ob- 


tained. 


The results of the Hardgrove-machine 
method are herewith expressed, not only 


Hardgrove Method: 


| & 

F.W. Method Basis F.R.L.| Cross | C.LT.| © 
2s | 36 | 3s PA | Ss 
= |4¢ 4e|4e| &= 
o | | | we | 6.8 
& an | 08.2 = Fe leg 
5 | 5 5a | 

n = n < 
100 | 100 | 100 | 100 | 100 100 | 100 | 238 
58 58 53 | 54 3 50 61 | 12.7 
53 51 47 | 50 61 35} 56 | 11.2 
46 46 38 36 53 | 19 | 45 | 9.0 
32 28 23 23 5.4 
121 25.5 


111 107 141 


in the usual surface ratios, but also in 
surface units, and as numbers represent- 
ing the percentages passing the Nos. 100, 
200 and 300 sieves, respectively. 

For calculating surface ratios, labora- 
tories A, B, and C used Emore coal rated 
100 as the standard. Laboratory E 
used Jenner coal, its own standard rated 
100, because its tests of the Emore coal 
were not completed in time for inclusion 
in its report. Subsequently, laboratory 
E did test Emore coal, and in Table I 
its surface ratios are expressed in terms 
of Emore as well as Jenner coals. 
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Laboratories A, B, and C used standard 
Hardgrove testing machines. These 
were run at a speed of 21 r.p.m. for a 
total of 60 revolutions. Laboratory E 
used a machine of the same type and 
general design but built in its own shops 
in 1931 from cuts appearing in Hard- 
grove’s original paper.‘ Early tests indi- 
- cated that better consistency could be 
_ obtained with this particular machine 
when operated for a total of 75 revolu- 
tions than for the prescribed 60 revolu- 
tions. Therefore, since hundreds of sam- 


F R.L. index 


Mean of laboratories 


A-B-C-D-E 


Cross index 


6 @ 2 
F W. Index, per cent passing No.200 sieve 
Fic. 3. Approximate Relation Between F. W. 


Index and Grindability by F. R. L. and Cross 
Methods. 


ples had been previously tested in this 
manner for correlation with actual pul- 
verizer performances, it was deemed in- 
advisable to change to 60 revolutions, 
_ recalibrate the machine and establish a 
- new correlation, and the five samples 
supplied by the committee were tested for 
75 instead of 60 revolutions. The machine 
had been standardized to produce ap- 
proximately 29,500 to 30,000 new surface 
units on Jenner coal, arbitrarily selected 
in 1931 as one standard coal for rating 
pulverizers. F.W. index numbers and 
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surface ratios, therefore, obtained by 
laboratory E during the cooperative 
investigation and corresponding indices 
obtained by the other laboratories by 
the Hardgrove method are not exactly 
the same, but they are inter-convertible 
by using the correlating curves on Fig. 1. 
Surface ratios for the hardest coals tested 
on the F.W. machine referred to Emore 
coal are approximately 90 per cent of 
those obtained with standard Hardgrove 
machines, while for the softest coals they 


are almost the same. q 


Ball-Mill Method: 

Correlations between F.W._ index 
numbers and grindability ratings derived 
by the ball-mill method are shown on 
Fig. 2 on which (a) the number of revolu- 
tions required to grind a sample until 
80 per cent passes a No. 200 sieve, and 
(6) grindabilities in pounds per hour, are 
plotted against F.W. index numbers. A 
straight-line correlation in the range of 
values obtained during the tests exists 
between F.W. and _ball-mill method 
results. 


F.R.L. and Cross Methods: 


Figure 3 shows correlations respec- 
tively between the F.R.L. and Cross 
index numbers and the F.W. index. 

As pointed out by Selvig* and as may 
be seen from Table I and Figs. 1 and 2, 
the results of the cooperating labora- 
tories, by the ball-mill and Hardgrove- 
machine methods agreed within per- 
missible limits. However, the results of 
the Cross and F.R.L. methods did not. 
For this reason, only the Cross and 
F.R.L. averages of the results obtained 
by the several laboratories are plotted on 
Fig. 3 to approximate the trend of the 
correlating curves. It is not unlikely 
that, had standardized mills such as the 
U. S. Bureau of Mines ball mill been 
used for making the tests in accordance 
with the F.R.L. and Cross procedures 
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instead of the very variable porcelain jar 
mills, the results obtained by the several 
laboratories would have agreed more 
closely. The performance of a jar mill 
like that of any ball mill depends on its 
speed, its internal dimensions—espe- 
cially the internal diameter—the nature 
of the internal surface, and the dimen- 
sions and weight of the ball charge. Dif- 
ferences in any of these characteristics 
lead to differences in performance. The 
Cross and F.R.L. methods were probably 
handicapped by the variability of the 
several jar mills and by undertreatment 
of the hard coals due to slippage. The 
F.R.L. method was probably further 
handicapped by differences in the pebble 
charges of the various laboratories. 


C.I.T. Roll-Test Method: 


Results reported by Yancey and Geer'® 
and by Sloman” of tests made by them 
using the C.I.T. roll test on samples of 
the same five coals tested during the 
cooperative investigation are included in 
Table I. There are appreciable dif- 
ferences between the values obtained by 
Yancey and Sloman for the same coals. 
In view of this, a correlation between the 
C.I.T. method and others would for the 
present be approximate only. The 


samples are used for the tests instead of 
constant-weight, 500-g. samples. Yan- 
cey and Geer" report results of tests on 
the samples of the five coals tested during 
the cooperative investigation by modi- 
fications of the ball-mill and Hardgrove 
methods involving the use of constant- 
volume instead of constant-weight sam- 
ples. These results are reproduced in 
Table III. The significance of these 
results seems to be only that the ratios 
of grindabilities on the constant-weight 
basis to corresponding grindabilities on 


TABLE III.—RELATIVE GRINDABILITIES OF 
EquaL VOLUMES AND EQuaAL WEIGHTS OF 
FIvE Coats Based ON No. 1 as 100 
PER CENT. 


| Relative Grindability 


| Weight 


f Ball-Mill Hardgrove 
750 Ratio Method Method 
Coal n 
22 a2 22 
» 
a blceldlelsie | 
No. 1.....) 513 | 1.02 | 100 106) 100} 106 100) 100 
496 0.99 56| 56 56) 68 67) 67 
No. 3 516 1 03 49 Si 50} 58 60 59 
Ne, 4.....: 540 1 08 41 4 43 47) 51) 50 
No. 5.... 633 1.27 25) 3l 31 28 36) 35 
ay = y= 
hb 
where by, ¢n, gn = values in the corresponding columns of 
the table for coals Nos. 1, 2, 3.......m, 


for coal n. 


i aii w = weight of the standard sample, and 
grindability as determined by the C.I.T. _ wn = weight of the constant volume sample 


method depends to such an important 
extent on the accurate determination of 
small amounts of minus 300-mesh mate- 
rial in the product of the test that close 
checks between laboratories may be dif- 
ficult to obtain. 


Ball-Mill Method with Constant Volume 
Samples: 


Black" suggests that the ball-mill 
method may give more correct ratings of 
materials if constant-volume, 750-cu. cm. 


"2H. J. Sloman, Private Communication, January 15, 
1935, to W. A. Selvig, and forwarded to Members of 
AS.T.M. Committee Subcommittee VIT. 


the constant-volume basis are practically 
the same as the ratios of the weights of 
the samples. In other words, if a grind- 
ability on a constant-volume basis is 
multiplied by the weight of the sample 
used in the test and divided by the 
weight of the sample used in the con- 
stant-weight test the result will be prac- 
tically the same as the grindability deter- 
mined in the standard constant-weight 
test after correcting to the standard coal. 
This is shown in columns e and h here- 
with added to Yancey and Geer’s!® 
original table. 
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Inasmuch as capacities of commercial 
pulverizers are always expressed in 
weight units and not in volumetric units, 
the significance of a grindability scale 
based on constant volume samples is not 
apparent, even granting that in some 
mills the volume of coal in the mill at 
all times, irrespective of the kind of coal 
pulverized might be more nearly the 
same than the weight. However, the 
validity of even this assumption is ques- 
tionable, because it is known that in some 
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(such as, F.W., F.R.L.); on the basis 
of the amount of work done to grind toa 
specified fineness (ball mill); or on the 
basis of the actual capacities obtained in 
commercial pulverizers. 

As shown by Table II and Fig. 4, each 
of these rating methods unfortunately 
assigns quite different relative ranks to 
the same coals. The relative ratings 
depend not only on the method by which 
the coal is rated, but also on the coal 
selected as a standard for reference. 


Relative Rating of Coals, Coal No.! «100 


6 Hardgrove 100%, 


100 Sn/s, 
100 “fe, 
100 nfo, 


100 nf 


Method Rating Basis 


5 Hardgrove 100 


2 Cross 
W ERL. 


Sne Surhace units coal 

an=Per cent passing No./00 sieve out 
Per cent passing No. 200 steve coal n 
j ” passing No 300 sieve coaln 


T Wn=Capacity of milf, 


100%, 


- Coa/ f 


perhr coaln 


"700 Adjusted fo 
Approx Rea/ Capacity. 


100 


100 5%, 
4 Hardgrove 100%, 


100%%;, 


2 


Haragrove 100 Sr/s, 


Ball Mill 
(0409-357, 


(0408-357) 


7. 


= 


Fic. 4. 


Grindability Tests) by Various 


mills the actual coal level maintained in 


the mill is varied from time to time to 


suit changes in coals. 


APPRAISAL OF GRINDABILITY RATINGS 


The grindability of a coal may be 
arbitrarily defined in a number of ways, 
- for example: on the basis of calcula- 
tions of the new surface created (for 


example, Cross, Hardgrove, C.I.T.); on 
the basis of the weight or percentage of 
material produced passing a given sieve 


Relative Grindability Ratings of the Same Five Coals (Tested During A.S.T.M. Cooperative 
Ranking Methods. 


(See also Table IT.) 


It is then a fair question to ask which 
of the various rating methods, if any, 
truly ranks coals as to their behavior in 
pulverizers. 

It is difficult to conclude that any 
rating method so far proposed truly 
ranks coals so as to make predictable 
their effect on the performance of com- 
mercial pulverizers. Perhaps, for a 
pulverizer designed to grind to a certain 
fineness through a No. 100 sieve, grinda- 
bility ratings based on the amount of 
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minus 100-mesh material produced dur- 
ing the laboratory test might be more 
indicative of the probable performance 
than those based on amounts of surface 


or minus 200-mesh, or minus 300-mesh 


product. Likewise, for pulverizers de- 
signed to grind to a given fineness 
through the No. 200 or the No. 300 
sieve, grindability ratings based respec- 
tively on the amount of minus 200- or 
300-mesh material produced in the grind- 
ability test might be the best. For it 
is known’ that at a given fineness through 
some one screen, the finenesses through 
other screens are different for different 
coals. Also it has been shown *.*.5 that 
at a given fineness, the surface per unit 
weight of coal is not the same for all 
coals. Consequently, it might well be 
that for each grinding problem or speci- 
fication a different grindability scale 
should be used. 

The large variation in the relative 
rankings of the same five coals by the 
several methods, scales, or indices as 
shown on Table II and Fig. 4 is signifi- 
cant. Were a pulverizer to be selected 
for a given duty on the basis of these 
rankings without regard to anything else, 
large errors in the selection could ensue. 
A pulverizer which would have an indi- 
cated capacity of 10 tons on coal No. 1 
could be rated at anywhere between 0.8 
and 3.7 tons on coal No. 5 depending on 
which index is used. Even omitting 
from consideration the Cross and F.R.L. 
indices, the variation would still be from 
2.3 to 3.7 tons. Suppose now it were 
necessary to select a pulverizer for a 
capacity of 10 tons on coal No. 5. The 
size required in terms of its capacity on 
coal No. 1 could be anywhere between 
43.4 and 27 tons. Considering only the 
two tentative methods? the required size 


3 R. A. Sherman, “An Experimental Study of the Burn 
ing Characteristics of Pulverized Fuels,” Proceedings, 
Third International Coal Conference on Bituminous C oals, 
Pittsburgh, Pa., November 16, 1931. 

M. Hardgrove, ‘ ‘The Relation Between Pulverizer 
Capacity, Power and Grindability,”” Semi-Annual Meeting, 
Chicago, Ill., Am. . Mechanical Engrs., Fuels and Steam 


Power Division, June 25 July 1, 1933. —_ 


FRISCH AND FOSTER ON PULVERIZER PERFORMANCE _ 449 


would be 31.2 or 27.8 tons, depending 
on whether the ball-mill or Hardgrove 
indices are used. As will be shown later, 
the actual size in terms of its capacity on 
coal No. 1 will be about 23 tons. 
Grindability cannot be used as a quan- 
titative direct index of mill capacity. If 
the performance of a pulverizer is known 
on only one coal of known grindability it 
is not possible to predict its performance 
on another coal, even though of known 
grindability. The pulverizer must be 
first considered and operated as a large- 
scale grindability testing machine and a 
sufficient number of coals of widely dif- 
ferent grindabilities tested before its per- 
formance as affected by grindability can 
be predicted safely. Only then may its 
capacity on some particular coal of 
known grindability not previously tested 
in the pulverizer be predicted without 
further test. 


Many engineers believe that “grind: 
ability” is an inherent property of a 
material, and according to Hardgrove" 
if determined on a true surface basis the 
grindability is independent of the type 
of pulverizing system used as long as the 
scavenging is perfect. From this it fol- 
lows that the capacity of a perfectly 
scavenged pulverizer grinding different 
coals to the same specifications under 
identical conditions will be directly pro- 
portional to the grindability as derived 
by the Hardgrove method. Does this 
imply that the Hardgrove grindability 
machine is, or simulates, a perfect pul- 
verizer? During the grindability test 
the machine is not scavenged at all, nor 
does the procedure result in the pulveri- 
zation of all materials to the same speci- 
fication. Therefore, it is difficult to see 
why grindabilities derived as prescribed 
should be proportional to grindabilities 
on other machines or capacities of pul- 
verizers no matter how well scavenged. 

Since, as shown by Fig. 4, no two 
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grindability methods rank coals alike, 
the question “What Is Grindability?” 
naturally arises. 

It does not appear that any more 
meaning can be put into the results of a 
laboratory grindability test than that 
these results portray the effects of the 
particular action of the grindability 
machine on the materials tested under 
the particular specified test conditions. 

Grindability machines are miniature 
batch pulverizers. No such machine can 
simulate exactly, except by accident, the 
action of a pulverizer with continuous 
feed and discharge at a sensibly uniform 
rate. It is not even possible to be cer- 
tain, were a particular standard grinda- 
bility machine rearranged to operate as 
a pulverizer with continuous feed and 
discharge, that the capacity on different 
coals would be proportional to grinda- 
bilities previously obtained on that 
machine. Obviously, the rate or pro- 
duction of fines to a given specification 
will be greater with continuous feed and 
discharge than with intermittent feed 

and discharge (batch process). 

Let us consider in detail the action in 
the tentative standard grindability ma- 
chines. 

In the Hardgrove test 50 g. of the test 
sample prepared in the specified way are 
pulverized in a prescribed manner and 
length of time. Almost as soon as the 

test is under way some of the sample will 
_ have been pulverized so that it will pass 
the reference sieve, say the No. 200 sieve. 
This minus 200-mesh product is not 
removed and immediately replaced by 
_ new feed as in a commercial pulverizer. 
Therefore, the amount of material avail- 
able for the production of additional 
minus 200-mesh material has been re- 
duced by the amount of minus 200-mesh 
material already produced. Further 
pulverization of this minus 200-mesh 
material does not increase the amount 

of minus 200-mesh material in the mill. 
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The minus 200-mesh product is just made 


finer and finer. Progressively, as more 
minus 200-mesh product is produced and 
not removed and replaced by fresh feed, 
less plus 200-mesh material is available 
for the production of additional minus 
200-mesh product. Consequently, the 
net rate of production of new minus 
200-mesh product per unit time is con- 
stantly decreasing. At first the rate of 
decrease is not marked because as the 
test proceeds more and more of the 
remaining plus 200-mesh sample ap- 
proaches the minus 200-mesh size and 
the rate of production of minus 200-mesh 
product per unit weight of the remaining 
plus 200-mesh material increases. How- 
ever, as the test proceeds further, the 
increase in the rate of production of 
minus 200-mesh material per unit weight 
of remaining plus 200-mesh material does 
not offset the effect of the rapid rate at 
which the plus 200-mesh material is dis- 
appearing. The presence of minus 200- 
mesh material also tends to cushion the 
remaining plus 200-mesh material to 
some extent, and interferes with the free 
action of the grinding elements on it. 
This tends to reduce the rate of increase 
in the production of minus 200-mesh 
material per unit weight of remaining 
plus 200-mesh material otherwise 
occasioned by the progressively increas- 
ing average fineness of the plus 200- 
mesh material. It is certain, therefore, 
that as a pulverizer with continuous 
feed and discharge, the Hardgrove 
grindability machine would produce 
more 200-mesh material per unit time 
than as a batch-grinding grindability 
machine. Furthermore, since each 
grindability test in the Hardgrove 
machine is for a fixed time, the harder 
coals which are pulverized to a lower 
fineness than the softer coals will be less 
affected by the action described, and 
may therefore be ranked somewhat 
higher by the grindability test than by 4 
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true capacity test of the same machine 
arranged for continuous feed and dis- 
charge. 

In the ball-mill test a 500-g. sample 
prepared in the prescribed manner is 
pulverized in 8 cycles of equal length 
until 80 per cent of the sample has been 
removed as minus 200-mesh material; 
the minus 200-mesh material produced 
during each cycle being removed before 
the beginning of the next one. During 
any one cycle, as more and more minus 
200-mesh material is produced, less and 
less plus 200-mesh material remains in 
the mill from which to produce addi- 
tional minus 200-mesh product. At the 
end of each cycle the minus 200-mesh 
material produced during the cycle is 
removed and rejected, and the amount 
of plus 200-mesh material from which 
to produce additional minus 200-mesh 
product during the next cycle is less by 
the amount of minus 200-mesh material 
produced and removed. Therefore, as 
the test progresses, the production of 
minus 200-mesh material per unit time 
will be at a decreasing rate, almost im- 
perceptible at first but becoming more 
and more pronounced. This is shown 
on Fig. 5, on which are plotted averages 
of results of the cooperative tests of the 
ball-mill method. This has been previ- 
ously explained as a consequence of se- 
lective grinding and gradual accumula- 
tion of the harder residues as the test 
progresses. This may be contributory, 
but actually the rate of production of 
minus 200-mesh product per unit weight 
of plus 200-mesh residue is progressively 
and rapidly increasing because of the 
increasing average fineness of the plus 
200-mesh residue, even though the net 
rate of production of minus 200-mesh 
product per unit time is decreasing. 

It is true that the removal of the 
minus 200-mesh material at the end of 
each cycle, while decreasing the net 
rate of production of minus 200-mesh 


Cumulative per cent Passing No. 200 Sieve 


material, is of considerable advantage in 
minimizing cushioning and hence pre- 
vents an even more rapid decrease in the 
net rate of production of minus 200- 
mesh material as the test proceeds. 

If the cushioning effect could be re- 
duced or prevented by removing the 
minus 200-mesh material as fast as 
made, the rate of production of minus 
200-mesh product would be increased. 
If the fines thus removed could be re- 
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Total Revolutions of Mill (Mean) 


Fic. 5.—-Rate of Production of Minus 200- 
mesh Product per Revolution. 


Average results for five coals tested during A.S.T.M. co- 
operative grindability tests. 


placed by new feed, the rate of produc- 
tion of minus 200-mesh product would — 


still further increase, reaching a constant — 
value after the mill content had become — 


stabilized. 


An approximation of the 
probable capacity of the ball mill ma- _ 


chine operating thus asa pulverizer with 


continuous feed and discharge is possible — 
It is 


from the data shown on Fig. 5. 
necessary only to make the following as- 
sumptions: 

1. If at the end of each cycle the 
amount of minus 200-mesh product re- 
moved is replaced by an equal amount 


of new feed identical to the original — 
charge, the mode of operation of a pul- | 
verizer with continuous feed and dis- 
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charge will be approximated. The ap- 
proximation will be closer and closer as 
the length of each cycle is reduced. 

2. During each cycle additional minus 
200-mesh material will be produced from 
the fresh feed added at the end of the 
preceding cycle at the same rate per unit 
weight of fresh feed as was produced 
during the very first cycle of the test 
from the original 500-g. charge. 

3. During the second cycle through 
which the plus 200-mesh first cycle re- 
mainder of the added feed passes, the 
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tion of minus 200-mesh material from 
the second cycle remainder of the 
original 500-g. charge during the third 
cycle of the test, and so on. 

Granting these assumptions, it is pos- 
sible to calculate the probable amount 
of minus 200-mesh material produced, 
removed, and replaced by fresh feed 
during each succeeding cycle. If the 
calculation is extended for a sufficient 
number of cycles, it is found that the 
rate of production of minus 200-mesh 
product becomes constant and the 
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aro 200 Mesh Product trom 
/ New Feed atter One Cycle 
/ / Minus 200 Mesh Product from 
New feed after Cycles 
| Aus 200 Mesh Material 
| tram New Feed afterl Cy¢le 
30075 200 Mesh Maferial, 
5 ES | me trom New feed atter 2 Cycles 
gS || | 200 Mesh h Materia, 
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Fic. 6. 


Graphical Representation of Calculations for Approximating Capacity of Ball-Mill Grind- 


ability Machine If Operated as Continuous Feed and Discharge Pulverizer. 


rate of production of minus 200-mesh 
product per unit weight of remainder 
will be the same as the rate of production 
of minus 200-mesh material from the 
first cycle remainder of the original 
500-g. charge during the second cycle of 
the standard test. 

4. During the third cycle through 
which the second cycle remainder of the 
added fresh feed passes, the rate of pro- 
duction of new minus 200-mesh material 
per unit weight of second cycle remainder 
will be the same as the rate of produc- 


pulverizing process stable. ‘This occurs 
after the original 500-g. charge has all 
been replaced and after the size composi- 
tion of the material in the mill becomes 
constant. 

Figure 6 shows graphically the results 
of such a calculation to determine the 
probable capacity of the ball-mill ma- 
chine as a pulverizer on coal No.4. The 
same was done for each of the other 
coals tested. The results are given in 
Table IV. 

This study, which is at best an ap- 


| 
. 
hac = 


FRISCH AND FOSTER ON PULVERIZER PERFORMANCE 453 


proximation, indicates that the grinda- 
bility ball mill should, as a continuous 
feed and discharge pulverizer, produce 
between 40 and 50 per cent more minus 
200-mesh product than as a_ batch- 
grinding grindability machine. The ef- 
fect of the cycle by cycle removal of 
fines and replacement by fresh feed tends 
to increase the spread between the rela- 
tive rankings of the coals slightly but 
consistently as the grindability de- 
creases. Were the cycles infinitely 
short, the continuous constant feed and 
discharge condition would be almost 
exactly approximated and the true 
capacity approached. If the removal 
of fines as soon as they reach the speci- 
fied size is continuous, the cushioning 
effect and the tendency to over-grind 
the minus 200-mesh material will be 
absent, the capacity on each coal and 
the spread between the relative capaci- 
ties of the different coals will be a maxi- 
mum for this particular machine. This, 
however, will not be an absolute index 
of the relative capacity for any other 
machine. 

A miniature pulverizer like a grinda- 
bility machine may so under-treat hard 
materials as compared with the treat- 
ment obtainable on the same materials 
in a particular commercial pulverizer, 
that the actual commercial pulverizer 
capacities when compared with the 
grindability machine results at first ap- 
pear to increase rapidly with increasing 
grindability and then, after a critical 
grindability range is passed, more and 
more slowly. 

Likewise a commercial pulverizer may 
so under-treat hard materials when com- 
pared with the treatment obtainable in 
the grindability machine that the capac- 
ity at first appears to increase slowly 
with increasing grindability, then more 
rapidly after a critical grindability range 
is passed, and again more slowly with 
further increases in grindability. 


It is possible-to imagine pulverizers 
which (a) either so absurdly overtreat 
all materials that the capacity at a given 
fineness will be practically the same ir- 
respective of the grindability, or (6) so 
absurdly undertreat all materials that 
none will be pulverized to the required 
fineness no matter how long treated, 
that is, will have zero capacity at the 
specified fineness irrespective of the 
grindability. Between these extremes 
can be imagined all sorts of pulverizers 


TABLE IV.—COMPARISON OF PROBABLE Ca- 
PACITY OF THE BALL-MILL MACHINE AS A 
PULVERIZER AND CAPACITIES DETERMINED 
BY GRINDABILITY TEST. 


Capacity, | Relative | 
Ib. per hr. Rating | 
Coal | Ze B 
wz | 4 
| 
| 
No.1.....| 4.25 | 6.35 | 100 | 100 149/10 
242 1 2S 57 | 56 | 1.47 | 0.98 
Me. 3......| 2.2 | 3.93 52 | 50 | 1.43 | 0.96 
No. 4.....| 1.95 | 2.80 46 44 | 1.43 | 0.96 
ee | 1.34 | 1.90 32 | 30 | 1.42 | 0.94 


with widely varying grindability-capac- 
ity relationships. 


RELATIVE GRINDABILITY RATINGS FROM 
COMMERCIAL PULVERIZER TESTS 


Commercial Pulverizers as Grindability 
Machines: 


There are commercial pulverizers of 
some particular design and size located 
in widely separated plants pulverizing 
coals of different grindabilities. Some- 
times in some one plant a pulverizer is 
tested with coals of widely different 
grindabilities. Sometimes, because the 
source of coal is not constant, a pulveri- 
zer must grind coals of varying grinda- 
bilities. Unfortunately the capacities 
obtained from records of such tests or 
logs of daily operation may not be 
directly compared because of differences 
in the moisture, feed size, or fineness of 
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the product during the various runs. 
Also, the condition of the pulverizer 
parts may have been better when grind- 
ing one coal than another. However, 
where such data (a) include all signifi- 
cant items, and (6) were obtained with 
pulverizer parts in good condition, and 
where (c) a sufficient number of runs on 


Grindability Index 


@ Standard Conditions: 
i Fineness = 70 per cent Passing No. 200 Sieve. 
Feed size = 
a Initial Moisture = 3.0 per cent. 


each coal have been made so that statis- 
tical averages instead of spot results may 
be compared, it is possible to reduce all 
the results to a common standard basis 
as to moisture, feed size, and fineness 
with sufficient accuracy to eliminate the 
effects of these variables in the perform- 
ance and to distinguish the effect of the 
particular pulverizing characteristics of 
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100 per cent Passing }-in Diameter Ring. 


each coal on the capacity. The various 
coals may then be ranked with respect 
to each other in accordance with the 
capacities thus obtained, corrected to 
standard conditions. The ranking thus 
obtained for a coal may be termed its 
grindability for the pulverizer in ques- 
tion. If the grindability of the coals 


TABLE V.--SUMMARY: PULVERIZER PERFORMANCE WITH COALS OF VARYING GRINDABILITY. 


Test Results 


Mill 
Coal | Feed Size, 
(See Table Mill Size Hardgrove Ball-Mill Mill 100 Per Initial |<, 
VII) Revolu- | Capacity, Ps cent | cent Pass- M Standard 
Index 499 ET tions, tons per No 200 ing Ring Condi- 
>*\1)408-35T hr. Sieve Diameter, tions* 
in. 
No. 158..... | 1070 25 3 104 618 27.50 69 5 : 2.5 27.2 
No. 158...... 1070 25 3 104 618 25.50 72.8 H 2.5 26.9 
No. 161...... 1070 66 41 1750 11.90 81.6 4 mesh 3.2 14.0 
No. 158...... 1070 25.3 104 618 27.00 69.8 3 3.0 27.0 
No. 160...... 1070 6B 42 1725 12.00 81.0 4 mesh 2.5 13.9 
No. 162...... 1070 7.0 43 1685 11 10 84.0 4 mesh 23 14.3 
No. 135...... 1120 23.4 101 622 26.50 70.4 2 4.5 | 27.0. 
No. 135...... 1120 23.4 101 622 25.30 70.4 H 45 | 25.8 
No. 1006 750 5.7 37 1930 6.20 84.5 } 7.0 95 
No. 115 750 11.2 61 1185 14.80 71.5 3.1 154 
772 13.0 67 1055 16 00 71.5 10.9 
No. 113...... 750 13.0 67 1055 15 60 71.5 10.9 | 167 
| 
No. 176....... 620 85 49 1450 10.00 75.0 64 15 
No. 128....... 650 13.2 69 1040 14 00 72.5 40 14.8 
620 132 69 1040 13 30 70.0 4.0 14.1 
No. 185...... 490 24 6 103 625 8.20 90 2 5.5 157 
No. 185...... 620 24 6 103 625 10 60 90 2 ; 5.5 198 
eee | 300 149 76 935 8.30 81.9 2 4.4 11.0 — 
No. 150...... | 217 97 680 8.80 | 849 3.6 
No. 125...... | 355 12.0 64 1120 | 5.70 73.1 10.6 68 
No. 167...... 400 7.8 46 1550 | 300 96 8 * 10 6 94 
No. 167...... 300 78 46 1550 2 30 9 8 * 10 6 71 
66 42 1750 2.67 80 0 4 mesh 
No. 158...... 229 25 3 104 618 7.03 70 4 3 2.5 71 
No. 180...... | 229 10 4 57 1250 4 16 73.5 H 28 4 . 
No. 140...... 242 12 0 64 1120 5 10 81 8 45 68) 
No. 140...... | 180 12 0 64 1120 3 80 81 8 3 45 51 
180 12 6 67 1075 3. 80 80.7 1} 40 5.2 
No. 155..... 180 17.4 86 815 5 10 75.6 1} 45 61 


pulverized has been determined by some 
standard laboratory method, a correla- 
tion between the laboratory results and 
the rankings derived from the actual pul- 
verizer capacities may then be estab- 
lished. Thereafter, it would be possible 
to estimate the performance of the pul- 
verizer on any coal when its standard 
laboratory grindability is known. 
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Fic. 7.—Typical Correction Curves for Effect 
of Moisture and Feed Size on Capacity. 


Fineness Effect Index 


70 80 


Actual Fineness, per cent 
passing No. 200 sieve 


Fic. 8.—-Typical Correction Curves for Effect 
of Fineness on Capacity. 


Ball Mills: 


Performance data collected since 1931 
on ball mills of various sizes, grinding 
coals of widely varying grindabilities 
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are summarized in Table V. Statistical 
averages rather than spot points were 
used, in order to minimize the effects of 
errors in sampling, weighing, screening 
etc. These data were all reduced to a 
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Actual Mill Capacity, tons per hr. 
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Fic. 9.— Actual Effect of Fineness on Capacity 
of Commercial Pulverizers of Different Sizes. 
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Actua! Capacity Corrected to Standard Conditions, tons per hr 


4 8 '2 16 20 
F.W. Index, per cenr passing No.200 sieve 


Fic. 10..-Actual Effect of Grindability 
(F. W. Index) on Capacity of Commercial Ball 
Mills of Different Sizes, Corrected to Standard 
Conditions. 


common basis, hereafter termed “‘stand- 
ard conditions” which are: | 
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F W. Index. per cent passing No.200 sieve 


Fie. M1. 


Capacity Index, Standard Conditions, per cent (Standard Emore Coal = 100) 
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Relation Between Actual Capacity and Capacity Rating on Arbitrarily Selected Standard 
Coal Having F. W. Index = 30 on Coals of Different Grindabilities. 


Relative Ratings of Coals Based on Actual Pulverizer Tests as Well as Ratings Based on 
e Methods Correlated with F. W. Index. 


456 
= 
J 
8 4 
| 
37 + + 
|| 
\ 
40 Ke 
20 


don 


att py FRISCH AND FOSTER ON PULVERIZER PERFORMANCE 457 


Feed size, 100 per cent passing 3-in. 

ring, 

Surface moisture, 3 per cent, and 

Fineness, 70 per cent passing No. 

200 sieve. 
The, great importance of correcting for 
variations in these factors will be real- 
ized after noting the magnitude of their 
effects on pulverizer capacity. 

Figures 7 and 8 show the effects of 
variations in feed size, moisture, and 
fineness on the performance of one type 
of pulverizer. The effect of fineness is 
so great that accurate correlations are 
possible only if great care is used in 
sampling and screening and if a sufficient 
number of tests under analogous condi- 
tions have been made to minimize the 
effect of spot errors. The derivation of 
the fineness correction curve is based on 
statistical studies of the effects of fine- 
ness on the performance of many pulver- 
izers. A typical family of fineness- 
capacity curves for pulverizers of vari- 
ous sizes is shown by Fig. 9. Included 
in Table V are only statistical averages 
which represent actual average perform- 
ances checked over considerable time 
periods. After reducing the capacities 
to standard conditions, they were 
plotted against F.W. index numbers of 
grindability. As may be seen from Fig. 
10, the individual results arrange them- 
selves quite systematically by mill sizes, 
and by considering the trend of all the 
points as a whole a family of curves as 
shown, correlating capacity and labora- 
tory grindability index numbers for each 
size of pulverizer may be derived. From 
these, it is possible to determine the 
relation between rated and actual capac- 
ity for a constant grindability. The 
rated capacity is the capacity under 
standard conditions on some one coal 
arbitrarily selected as a standard. 
Figure 11 shows this correlation. From 
this the relative capacity on different 
coals may be calculated with any coal 
as the standard reference coal, and on 
Fig. 12 are shown such relative ca- 


pacity ratings referred to Emore coal, 
the standard coal of the cooperative in- 
vestigation. For comparison, relative 
ratings determined by the tentative 
methods are also shown on Fig. 12. 
It is quite significant that the effect 
of grindability on relative capacity 
is greatest on the laboratory testing 
machine, and becomes less and less 
23 the size of the pulverizer increases. 
Relative ratings of the same coals are 
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Ball-Mill Method revolutions 
(Standard Emore Coal =640) 

Fic. 13.—Relative Ratings of Coals Based on 

Actual Pulverizer Tests as Well as Ratings Based 

on Laboratory Grindability Tests by Tentative 

Methods Correlated with Ball-Mill Method 

(D 408 - 35 T) Revolutions. 


higher when based on actual pulver- 
izer tests than when based on labora- 
tory grindability tests. This is prob- 
ably due (1) to overtreatment in large 
pulverizers as compared with grinda- 
bility machines rather than to improper 
scavenging, because commercial pulver- 


izers employing air separation classifiers _ 


are certainly infinitely better scavenged 
than grindability machines, and (2) to 
the fact that in the pulverizer there is a 
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= 


constant supply of plus 200-mesh ma- 
terial at all times ready to turn into 
minus 200-mesh product. 

On Fig. 13 is shown corresponding cor- 
relations between relative pulverizer 
capacity index numbers and results of 
grindability tests by the ball-mill method 
in ball-mill revolutions. 

The relation between relative pul- 
verizer capacity index numbers and 
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Fic. 14.— Relative Ratings of Coals Based on 
Actual Pulverizer Tests as Well as Ratings Based 
on Laboratory Grindability Tests by Tentative 
Methods Correlated with the Ball-Mill Method 
(D 408 - 35 T). 


Capacity Index, Standard Conditions, per cent. (Standard Emore Coa! 


grindability as determined by the ball- 
mill method is shown by Fig. 14. 

The relation between relative pul- 
verizer ratings and grindability as de- 
termined by the Hardgrove-machine 
method is shown in Fig. 15. On this 
figure a curve based on Fig. 16 sum- 
marizing performances of ball-bearing 
type mills of different capacities from 
data published by Hardgrove' has 
been added. 

The significance of the data shown by 
Figs. 12, 13, 14, and 15 is that the rela- 


tive effect of grindability on the capac- 
ity of mills of different sizes, though of 
the same type, is not the same. The 
smaller the mill, (that is, the grindability 
machine) the greater the effect. This 
seems to be clearly true with ball mills 
of different sizes as compared with each 
other and with the ball-mill grinda- 
bility machine. 
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Fic. 15.—-Relative Ratings of Coals Based on 
Actual Pulverizer Tests as Well as Ratings Based 
on Laboratory Grindability Tests by Tentative 
Methods Correlated with Hardgrove-Machine 
Method (D 409 —- 35 T) Grindability Index. 


Insufficient data on mills of the ball- 
bearing type were available to the 
authors to make possible an analysis of 
the effect of mill size on the relation 
between capacity and grindability. 
Possibly because in mills of this type 
the intensity of treatment may be 
changed by changing the pressure be- 
tween grinding balls and races, the ef- 
fect of mill size may be minimized or 
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eliminated entirely. Nevertheless, as 
may be seen from Fig. 15, the effect of 
grindability on ball-bearing type mill 
capacity is less than relative ratings oh- 
tained by the Hardgrove-machine grind- 
ability test, although the Hardgrove 
machine is a miniature ball-bearing type 
mill. 

The relative ratings of the five coals 
as determined during the cooperative 
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Fic. 16.—Actual Effect of Grindability (Hard- 
grove Index) on Capacity of Different Sizes of 
Commercial Mills of the Ball-Bearing Type. 

See footnote 14. 


investigation, particularly the two ten- 
tative methods, may now be compared 
with the probable ratings of these 
coals in actual pulverizers which may 
be determined from the correlations on 
Fig. 12, 13, 14, or 15. These are shown 
in Table VI. 

The significance of the relative ratings 
in Table VI is that considerable errors 
can be made in the selection of a mill 


for some hard coal unless the effect of 
grindability on the particular size needed 
is known. For example, relative rat- 
ings of coal No. 5 vary between 32 and 
49 in terms of coal No. 1, depending on 
the method used for rating the coal. 
A mill to pulverize 10 tons of No. 5 coal 
per hour under “standard conditions” 
could vary in size as measured by its 
capacity on coal No. 1 between 31.2 and 


20.4 tons per hr. Actually the rated 
capacity of the mill on No. 1 coal should 
be approximately 23 tons per hr. 
If a rating curve for all mills repre- 
senting a mean of the values for all 
TABLE VI.—RELATIVE RATINGS OF COALS IN 
ACTUAL PULVERIZERS COMPARED WITH 


RATINGS FROM LABORATORY TESTS. 


| Grind- | |Ball-Bear- 
| ability | Ball Mill Size | ing Type 
s| $12 
| 2 8 
- 
Coal = | | gal 
issi = 
|S 
sis 


-1.... |23 8) 627, 102/100 100 100100 100) 100| 100 
No.2... |12 71077, 67| 73| 70 69| $7| 75| 65 
No 3.. )11.21219 60) 70, 68 65 64 52 70) 58 
No.4... | 9 01344 51! 63 60) 46| 62) 50 

3.41967, 37) 49 45) 40) 39) 32) 47) 36 
sizes is used, it is possible that the 
smallest mills might be overrated almost 
15 per cent on coal No. 5 and largest 


mills underrated a like amount. On the 
other hand, if in an effort to play safe 
all mills are rated on the basis of the 
smallest mills, the largest mills will be 
overrated about 25 per cent, which com- 
mercially is poor picking. 

If the mills were rated in accordance 
with grindability, the errors would be 
entirely too large on the hard coals. 


CONCLUSIONS 


1. The relative ranking of a coal as to 


its pulverizing characteristics depends 
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County 
No. 101.....} St. Clair 
No. 102.....| Huerfano 
No. 103 Huerfano 
No. 104... Huerfano 
No. 105... Huerfano 
No. 106.. Las Animas 
No. 107 El Paso 
No. 108 | El Paso 
No. 109. 
No. 110 Clair 
No. 111 Henry 
No. 112 Vermillion 
No. 113 Vermillion 
No. 114 Boone 

| 
No. 115... Pike 
No. 116 Harlan 
No. 117... Ohio 
No. 118 Harrison 
No. 119 Lawrence 
No. 120.... Muskingum 
No. 121 Alleghany 
No, 122 Alleghany 
No. 123 Alleghany 
No. 124 Alleghany 
No. 125 Alleghany 
No. 126 Alleghany 
No. 127 Alleghany 
No. 128 Alleghany 
No. 129 Alleghany 
No. 130 Alleghany 
No. 131. Alleghany 
No. 132 Butler 
No. 133 Cambria 
No. 134 Cambria 
No. 135 Cambria 
No. 136 Cambria 
No. 137 Clarion 
No. 138.....| Clarion 
No. 139 | Clarion 
No. 140...../ Clarion 
No. 141 | Clearfield 
No. 142 | Clearfield 
No. 143..... elk 
No. 144 .| Fayette 
ee. Indiana 
No. 146..... Indiana 
No. 147 .| Indiana 
No. 148.....| Indiana 
No. 149.....| Indiana 
No. 150.....| Indiana 
No. 151.... | Indiana 
No. 192... Indiana 
Ne. 133.... | Jefferson 


District 


Cahaba 


Walsenburg 
Walsenburg 
Walsenburg 
Walsenburg 
Trinidad 
Denver 
Denver 


Rock Island 
Danville 
Danville 


Des Moines 
River 


Pond Creek 
Harlan 
West. Ky. 


Pittsburgh No. 8 


Ohio No. 5 


| Alleghan 


Springdale 


Curtisville 
Pittsburgh 
Pittsburgh 
Pittsburgh 
Pittsburgh 
Smithdale 


Versailles 
Butler 


Cambria 
| Cambria 


Lr. Kittaning 
| Lr. Kittaning 
| Lr. Kittaning 
Lr. Kittaning 
Reynoldsville 
Moshannon 
| Shawmut 


Lr. Kittaning 
Lr. Kittaning 
Lr. Freeport 


Indiana 
| Indiana 
Indiana 
Lr. Kittaning 
| Adrian 


TABLE VII.—PULVERIZING CHARACTERISTICS: AMERICAN AND FoREIGN COALS. 


| Proximate Analysis, Dry Basis, a3 | 
| per cent 
Seam or Mine fo. | 
| BS | = | ema 
> = alo | |= 
ALABAMA 
— 
| Henry Ellen 8.53) | 14 300 |16.8| 84 | 745 
COLORADO 
Cameron 38.27 43.47 18.26 10717! 9.0) 52 | 1390 
Laramie 38.13 43.98 17.89) 11662) 7.0! 43 | 1685 
Cameron 36.25 51.38 12.37, 12152 7.8 46 | 1550 
Cameron 40.25,51.48) 8.27, 12452 10.0 56 | 1290 
Robinson 32.84 50.55 16.61 12400' 9.0 52 | 1390 
Stoker’s Inlet 52.34 40.33) 7.33, 0.21, 11217 | 6.0, 39 | 1865 
Golden Cycle Mill 51.49 39.91) 8.60 0.32, 11016 6.0 39 | 1865 
INDIANA 
Screenings 42.15|47.67]10. 18) 4.10] 12 842 |12.8] 68 | 1060 
ILLINOIS 
No. 6 41.00 44.0015.00 4.20, 12150 11.2) 61 | 1185 
Rock Island 44.20 45.81 9.99, 12720 |14.2) 74 975 
Nos. 6 and 7 44.05 44.50 11.45, 12800 11.4, 62 | 1165 
No. 6 44.00 44.20 11.80 12.600 113.0, 68 | 1055 
Iowa 
Lower Vein 38.09 37.55 24.36 5.76 10584 14.8 76 | 940 
KENTUCKY 
Pond Creek 33.30 60.06| 6.64| 0.48) 14281 11.2) 61 | 1185 
Harlan 38.18 55.20 6.62 14100 9.4 53 | 1350 
37.50 52.10 10.40 12000 14.8 76 940 
Oun10 
Stripping 37.61 53.10 9.29 13400 12.0 64 | 1120 
Lr. Kittaning 40.40 50.45 9.15 13620 10.0 56 | 1290 
Middle Kittaning 40.80 48.35 10.85 12310 9.6) 54 | 1325 
PENNSYLVANIA 
| Upper Freeport |32.23/58.30) 9.47) 14.000 16.8) 84 | 845 
Upper Freeport (34.00 54.98 11.02) 1.13) 13600 67 | 1075 
Double Thick 34.80 54.55.10.65 13 600 |14.8 76 940 
Freeport 
Thick Freeport 36.5058.29 5.21 14 200 11.7, 63 1145 
Pittsburgh 34.40/60.18 5.42 | 14.500 14.8 76 940 
Pittsburgh 34.77 59.66, 5.57, 0.96) 14550 12.0) 64 | 1120 
Pittsburgh 35.53 53.72:10.75 13500 13.4. 70 | 1050 
Pittsburgh 35.53 53.72 10.75 | 13500 13.2 69 | 1040 
Pittsburgh 8.90 13600 14.8, 76 940 
Splint 33.78 58.67) 7.55 | 13827! 7.0 43 | 1685 
Pittsburgh 34.80 58.83) 6.37) | 14.080 14.8, 76 940 
Upper Freeport |34.7255.61! 9.67) 13500 12.2! 65 | 1100 
Lr. Freeport 26.90 66.50 6.60 , 14600 26.6 107 605 
Upper Freeport 26.7866.70 6.52 14600 22.7) 99 655 
Upper Freeport (26.78 66.70 6.52 | 14600 23.4 101 622 
Lr. Kittaning 19.09 53.54 27.37| 5.94 10.859 24.2) 102 630 
Lr. Kittaning 35.5053.65 10.85 14000 12.2) 65 | 1100 
Lr. Kittaning 33.59 52.08 14.33, 4.17, 12759 12.6, 67 | 1075 
Lr. Kittaning 36.21 50.27/13.52) 4.66, 12916 12.6) 67 1075 
Lr. Kittaning 37. 14/51.75.11.11| 3.50, 13395 12.0) 64 | 1118 
Lr. Kittaning |39.29'51.85| 8.86 2.74 13920 11.7) 63 | 1145 
Lr. Freeport 30.2062.30| 7.50 1.45 14450 (20.3 94 715 
31.62 58.24 10.14 13820 18.0) 88 | 795 
Pittsburgh 7.00, 0.9 | 14250 12.7) 67 1075 
Waterman No.2 (22.56 49.84 27.60 10619 25.4, 105 | 615 
E-R Mine 25.51|46.73 27.76 10 567 18.0! 88 | 795 
Lr. Freeport 30.13 58.82 11.05 2.78 13861 21.2, 96 690 
Lr. Freeport \27.62/55.06 16.69 3.51 12569 22.0 98 | 670 
Upper Freeport 28.57 64.20 7.23 14561 22.0, 98 | 670 
Upper Freeport (|28.6663.70) 7.64 14489 21.7| 97 | 680 
Moween 29.00 58.60,12.40 13550 19.2, 91 | 745 
Lr. Kittaning 25.98'66.95) 7.07 15000 22.7; 99 | 655 
| Lr. Freeport 30.40/63 .46 6.13 1 22.0, 98 670 
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TABLE VII.—Concluded. 


| | | Proximate Analysis, Dry Basis, 
per cent 
Coal County District Seam or Mine 
4 | 5 | 
PENNSYLVANIA—Concluded 
No. 134. .... | Jefferson | Adrian Lr. Freeport 28.18 67.60 4.22 15.000 |22.0 98 670 
No. 155.....| Jefferson | Adrian Lr. Freeport 31.29 59.53 9.18 1.53 14013 |17.4| 86 815 
No. 156..... Jefferson Lr. Freeport 30.08 60.22 9.70 0.92 13 894 |19.8) 93 735 
Se ee | Jefferson Kramer Lr Freeport 28.60 65.78 5.62 14 350 (21.2) 96 690 
No. 158.....| Somerset Miller 18.90 72.40 8.70 25.3, 104 | 618 
No. 159 Westmoreland, Pittsburgh Pittsburgh 34.50 55.70 9.80 13610 |16.3) 82 865 
No. 160 Lancaster Holtwood River Anth. 71.8 |72.75 20.07) 0.06) 11260 | 6.8) 42 1725 
No. 161..... Lancaster Holtwood River Anth. 71.8 72.75\20.07| 0.06) 11260 | 6.6) 41 1750 
No. 162 Lancaster Holtwood River Anth. 71.8 |72.75|20.07| 0.06, 11260} 7.0) 43 1685 
No. 163 Anth. Fines 4.16 '72.94,22.90| 0.90] 11300| 6.0) 39 | 1865 
No. 164 | | Anth. Fines 4.1673.07|22.77| 0.90; 11275 | 5.9| 38 1885 
No. 165 Anth. Fines 6.70|82.80/10.50| 0.80] 13 175 | 9.6, 54 | 1325 
No. 166 Anth. Fines | 5.14|82.46/12.40] 0.60) 12805 | 5.9] 38 | 1885 
No. 167..... | Anth. Fines 5 .92|82.63)11.45) 0.70) 12988) 7.8) 46 1550 
No. 168 ~~ eel Anth. Bear Valley | 6.6 ja 9.6 | 0.9 | 13860] 9.0) 52 1390 
lanc 
No. 169..... Schuylkill | Anth. St. Nicholas | 3.0 |87.6 | 9.4 | 0.5 | 13470] 5.4) 36 | 1990 
= 
No. 170..... Carbon | Castlegate | Castlegate [4s.7al47 64| 6 62| 0 63| 13 486 | 9.6] 54 | 1325 
VIRGINIA 
Me. 873... Brooke Panhandle Pittsburgh 39.12 50.74 10.14. 3.78 12.0 64 1120 
No. 172 Brooke Panhandle Pittsburgh 38.89 50.75 10.36) 3.14 13310 ]11.4 62 1165 
No. 173 Fayette New River Sewell 24.79 60.03 15.18 13100 |18.0 8&8 795 
No. 174 Kanawha Kanawha Powellton $2.01 63.50 4.49 1.08 14700]15.8 80 895 
No. 175 Kanawha Kanawha Coalburg 33.20 55.45.11.35) 0.80 13050 56 1290 
No. 176 Kanawha Kanawha Coalburg 32.05 51.99 15.96, 0.70, 12 248] 8.5) 49 | 1450 
No. 177 Kanawha Kanawha Winifrede 31.55 61.35 7.10 0.86 14150]13.8, 72 1000 
No. 178 Kanawha Kanawha Powellton 36.85 58.30) 4.85) 0.64 142501]11.0) 60 1200 
No. 179 Marion Rivesville Sewickley 36.73 54.87 8.40, 2.21 13800 ]12.3, 66 1095 
No. 180 Marion Pittsburgh 36.90 54.30 8.90 10.4 57 | 1250 
No. 181 McDowell | Pocahontas No. 18.50.76.00 5.50 0.5 | 14880 /23.8 102 | 618 
No. 182 Monangalia Maiden Pittsburgh 35.35 55.35 9.30 14600 }15.8 80 895 
No. 183 Monangalia | Pursglove Sewickley 35.33 55.95: 7.18 13870 |15.8 80 895 
No. 184 Monangalia Fairmont Waynesburg 35.38 50.30 14.32 12 500 |15.8| 80 895 
No. 185.....| Raleigh Beckley 19.60 75.50 4.90 |24.6) 103 625 
No. 186...... Webster Sewell 30.40 62.82 6.78 14 650 30.0) 112 590 
No. 187. Westmoreland Valley Camp Thick Freeport 35.79 54.41 9.80 13780 |15.8) 80 895 
WYOMING 
No. 188 Sweetwater | Union Pacific | Rock Spring 143.24|51 .26| s.50| 0.97| 12 748 |10 | 57 | 1265 
CHILE 
No. 189 Lirquen Run of mine 38.00 48.97 13.03 11651, 3.6 28 2555 
No. 190 Lota Run of mine 37.57 54.05 8.38 13131 4.6 33 2200 
No. 191 Schwager _ Run of mine 37.63 56.49 5.88 13595 4.6 33 2200 
British COLOMBIA 
No. 192.....| Vancouver | Sunrise 45.90 42.10 12.00 0 71,11600 7.0 43 1685 
No. 193 Vancouver - Sunrise 39.70 49.99 10.31 11560 7.2 44 1640 
No. 194 Vancouver Pleasant Valley 40.65 54.33 5.02) 0.58 12480 6.0 39 1865 
WALES 
No. 195..... Anth Screenings 7.75 88.25) 4.00) 0.94 14655 8.5] 49 1450 
No. 196..... Anth. Screenings 7.77 87.97, 4.26 0.97 14661. 9.0) 52 1390 
CoKE 
No. 1000 | Crude Still Coke — 6 per cent oil 14.84 82.52 2.64, 1.80 15914 18.5) 
No. 1001 Cracking Oil Coke—1.52 per cent oil 12.72 86.29 0.99) 1.14, 15171) 16.8 
No. 1002 Petroleum Coke 3.74 95.31 0.95 14.689) 8.5 
No. 1003 Petroleum Coke 50.15 49.45 0.40 10.58 13200 15.8 
No. 1004 Coke Breeze 1.41 88.12 10.47 12707, 5.0 
No. 1005 .. Coke Breeze 1.41 88.12 10.47 12707 5.7 
No. 1006. . Coke Breeze 0.91 90.51, 8.58 13090 5.3, 
No. 1007... Coke Breeze 2.54 87.49 9.97 12345 5.3 
No. 1008.... Coke Breeze : 1.16 87.11.11.73 12520 7.0 
No. 1009 Coke Breeze : 1.43 86.21 12.36 12647 6.0 
ite. 1010.... Coke Breeze 0.91 90.59 -50) 0.51, 13100, 5.3 
Coke Breeze 98786. 83)12. 30 0.60) 12 660) 5.3} 
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on the method used. No two methods 
assign the same relative rank to the 
same coal. 

2. The two tentative methods assign 
quite different relative ratings to the 
same coal. But these ratings may be 
correlated in view of the permissible 
accuracy with which tests may be 
checked and reproduced by these 
methods. 

3. Relative ratings derived from prop- 
erly standardized tests of commercial 
pulverizers rank coals closer together 
than the standard laboratory tests. 

4. Pulverizers of different sizes, 
though of the same type, do not rank 
coals alike. 

5. Laboratory grindability ratings are 
useful, and may be used to predict the 
performance of a pulverizer on a coal 
of known grindability without test, but 
only provided the grindability capacity 
relationship for the pulverizer has been 
previously determined by test, and ef- 
fects of such other factors as feed size, 
moisture, and fineness, tending to mask 
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the effect of grindability, have been 
properly taken into consideration. 

6. A large number of coals tested by 
the F.W. method can now be correlated 
with grindabilities obtained by other 
methods. A partial table of coals tested 
by the F. W. method giving the corre- 
sponding grindabilites by the Tentative 
Methods is given in Table VII. 
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Mr. R. M. HarpGrove! (presented in 
written form).—The authors have pre- 
sented a paper which is of considerable 
value in understanding the relation be- 
tween grindability and pulverizer capac- 
ities. 

I do not believe that any useful pur- 
pose has been served by setting up a new 
scale of grindability which is different 
from either one of the two now in use 
as tentative standards. The author has 
pointed out that pulverizer characteris- 
tics must be known and their relation to 
any one of the grindability scales estab- 
lished from experience before they can 
be applied usefully. Therefore, if these 
scales are arbitrary units, there seems 
to be no advantage in setting up a third 
scale that is even more arbitrary than 
the present two. 

We wish heartily to endorse the dis- 
cussion on volumes versus weights and 
the illustration pointed out in Table III. 
We still buy our coal by the ton and 
pulverizer performance is still based on 
tons pulverized and not on a cubic foot 
or cubic yard basis. 

The authors use the Hardgrove ma- 
chine, but have set up a procedure in 
which 75 revolutions are used instead 
of the standard 60. They then pro- 
posed that there is cushioning taking 
place in the grindability test of a batch 
nature. In our early experiments, we 
determined when cushioning began to 
be felt in the results and stopped our 
grinding operation short of where this 
would be felt on the softest coals tested. 


' Engineering Design, The Babcock & Wilcox Co., New 
York 
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City. 


We, therefore, had a valid reason for 
choosing 60 revolutions, and the real 
difference between the authors’ pro- 
cedure and the standard lies in the fact 
that the larger number of revolutions 
does result in some cushioning on the 
very highest grindability coals. 

The effect of grindability being differ- 
ent with various sizes of tube mills is 
very interesting and we suspect that it ’ 
may be caused by a difference in the 
efficiency of these sizes of mills. In the 
writer’s paper in 1933,? a large amount 
of data was presented on a wide variety 
of sizes of ball-bearing pulverizers. 
This showed that the size of the pul- 
verizer had no effect on the relation 
between grindability and capacity, but 
it is also true that these pulverizers have 
a practically constant efficiency and 
power consumption irrespective of size. 

Figure 15 is, of course, the meat of the 
paper and it is gratifying to note that 
the average correction for grindability 
is not much different for the tube mills 
and the B. & W. pulverizers, especially 
if the curves are made to coincide at 
55 grindability corresponding to the 
average for Pittsburgh No. 8 coal. 

The practical application of the estab- 
lished grindability information on vari- 
ous types and sizes of pulverizers is of 
the utmost importance to all interested 
parties and we appreciate the amount of 
information which has been added to the 
published data by means of this paper. 


2R. M. Hardgrove, “The Relation Between Pulverizer 
Capacity, Power and Grindability,’ ’ Semi-Annual Meeting, 
Chicago, Am. Soc. Mechanicé al Fuels and Steam 
Power Division, June 25-July 1, 193: : 
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Mr. J. F. Bark ey’® (presented in 
written form)’. -The authors empha- 
size the needs of the designer who is 
is responsible for furnishing grinding 
equipment that will give the most eco- 
nomical results, and who must work to 
the greatest possible accuracy to meet 
commercial requirements. Considering 
the complex nature of coal, it is not 
surprising that laboratory tests on grind- 
abilitye cannot be translated or inter- 
preted directly with sufficient accuracy 
to meet the designer’s needs. With the 
many types of pulverizers available and 
considering the varied nature of coal, 
it appears quite logical that it would be 
necessary to make large scale tests be- 
fore laboratory tests can be correlated. 
This paper gives much interesting infor- 
mation in this regard. 

There is another type of worker in 
fuel utilization, however, who does not 
necessarily require great accuracy, but 
who could use some pertinent informa- 
tion. The ordinary user of pulverizers, 
particularly the smaller user, always 
must keep in mind the possibility of 
saving money or improving operation 
by changing to a different coal. If he 
has some laboratory expression of the 
“grindability” of a coal, he can fre- 
quently decide immediately whether or 
not he wants to try out such a coal. 
A laboratory grindability test gives him 
some idea of whether the coal is harder 
or easier to grind than the one he is now 
using. He is not faced with the neces- 
sity of making a final decision from such 
a laboratory expression as is the designer 
when he decides on the size of his pul- 
verizer. The coal user would take per- 
haps several coals whose grindability is 
within the range of what he might think 
desirable and try them out. Proper use 
of a laboratory grindability index should 
result in his testing a much smaller 
number of coals with the attending 


3 Supervising Engineer, Fuel ay Service Section, 
U. S. Bureau of Mines, Washington, D. 

4 Published by permission of the Sting U.S. Bureau 
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expense and difficulty, his final decision 
being made on the plant test itself. 

Mr. R. A. SHermMAN.® -The conclu- 
sions of the authors are somewhat disap- 
pointing in that, after the development 
work that has gone into the tests for 
grindability, it is necessary to conduct 
grindability tests on the various types of 
mills before one can use the grindability 
ratings obtained by the laboratory tests. 
They infer that this is inherently true of 
any grindability tests, and they do not 
appear to hold out any other hope for 
any other method. Do the authors be- 
lieve that there is any need for further 
work on the subject of grindability 
methods in the hope that one could 
obtain an index that could be used di- 
rectly without the necessity of confirm- 
ing mill tests? 

Messrs. MARTIN Friscu® AND A. C. 
FosteR® (authors’ closure, by letter). 
Mr. Hardgrove’s discussion i is of special 
interest because of his long interest in 
the subject of grindability measurements 
and his valuable contribution to the art. 

The authors agree with Mr. Hard- 
grove that a new scale of grindability 
is not needed, but they regret that he 
so misread the paper as to conclude 
that a new scale is being proposed. 
The F.W. scale is utilized in the paper 
only as a parameter for correlating the 
two A.S.T.M. tentative standard scales 
with actual pulverizer performances. 
This could be done, first, because the 
pulverizer performances available to the 
authors and presented in the paper had 
previously been correlated with the 
F.W. grindability scale, and second, be- 
cause after the A.S.T.M. cooperative 
investigation the F.W. scale and the 
A.S.T.M. standard scales were accu- 
rately correlated after parallel tests on 
identical coals. 

The real purpose of the paper was 


first, to show that grindability no matter 


- 5F uel Engineer, Battelle Memorial Institute, Columbus, 
Ohio. 

6 Chief Engineer, and Pulverizer Engineer, respectively, 
Boiler and Pulverizer Division, Foster Wheeler Corp., 
New York City. 
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by what method derived or how ex- 
pressed ranks coals arbitrarily as to 
their relative pulverizing characteristics, 
and second, to show how actual commer- 
cial pulverizer performances may be cor- 
related with the two arbitrary ranking 
scales defined by the present A.S.T.M. 
tentative grindability standards. 
With reference to Mr. Hardgrove’s 
comment to the effect that because in 
the F.W. method utilizing a grind- 
ability machine of the Hardgrove type 
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(Juite possibly 60 revolutions is best for 
the standard machine. 

Mr. Hardgrove expresses the opinion 
that the capacity-grindability relation- 
ship is not the same for different sizes of 
tube mills as shown by Fig. 15 because 
of differences in the efficiencies of tube 
mills of different sizes, but that for mills 
of the ball-bearing type the grindability- 
capacity relationship is the same irre- 
spective of size because all sizes are 
equally efficient. A study of Figs. 15 
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Grindability (Hardgrove Machine Method) 

Fic. 1.--Actual Effect of Grindability on Capacity of Different Sizes of Commercial Mills of 
the Ball-Bearing Type. 

(From Fig. 16 of paper by R. M. Hardgrove.*) 


running for 75 revolutions instead of 60 
as called for by the standard test, cush- 
ioning is more likely to occur than in 
the standard tests, reference is invited 
to Table I. A study of the édable will 
show that the F.W. method spreads the 
rankings of the coals tested farther 
apart than the standard Hardgrove test. 
This indicates less cushioning if any- 
thing. As a matter of fact, when the 
F.W. machine was calibrated it was 
tested at 60 revolutions as’ well as 75. 
At 60 revolutions the F.W. machine did 
not give as consistent results as at 75. 


and 16, and Mr. Hardgrove’s own paper 
from which he quotes and from which 
came the data for Fig. 16 indicates: 

1. With ball mills of the type referred 
to in the paper and specifically in Fig. 15 
the larger the mill the less the effect of 
grindability. The capacity index ratios 
at various grindabilities for a 30-ton 
and a 5-ton mill are as follows: 


Capacity INDEX 30-TON MILL 
Capacity InpEx 5-TON MILL 


400 1.17 
60 1.09 
80 1.07 
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2. On the basis of his own data Mr. 
Hardgrove is not justified in concluding 
that for ball-bearing mills the grinda- 
bility-capacity relation is not affected by 
size of mill. The accompanying Fig. 1 
shows the actual test points from Mr. 
Hardgrove’s paper used for deriving the 
topmost curve of Fig. 16 in the paper 
which shows the mean relation between 
grindability and capacity index of many 
sizes of ball-bearing mills. The points 
fall in a band of considerable width and 
indicate that either the results of the 
tests of the mills of various sizes were 
not sufficiently accurate to distinguish 
the size effect or to justify a single capac- 
ity grindability curve applicable to mills 
of all sizes. Actually the spread be- 
tween maximum and minimum capacity 
index at any grindability is greater for 
the ball-bearing mill data cited by Mr. 
Hardgrove than is the spread shown in 
Fig. 15 and in (1) above because of vari- 
ations in ball-mill sizes. 


Maximum Capacity InDEx 
GRINDABILITY Minimum Capacity INpDEx 


40 1.34 
60 1.22 


1.17 
100° 1 10 


Mr. Barkley makes the excellent 
point that the user of coal as distin- 
guished from the pulverizer designer 
needs a satisfactory means for ranking 
coals as to their pulverizing characteris- 
tics to guide him in his coal purchases. 
Either one of the adopted A.S.T.M. 
standard test methods can be profitably 
used by coal purchasers to guide them 
in their coal selections. However, the 
purchaser must avoid the conclusion 
that a coal with a grindability 50 per 
cent greater than that of some other coal 
will result in a 50 per cent increase in 
pulverizer capacity. He must test his 
particular equipment carefully to find 
out just what the increase will be. If he 


does this for several coals he may derive 
a correlation which will enable him to 
appraise future coal offerings as to their 
pulverizing characteristics without fur- 
ther test. 

Mr. Sherman raises the question as to 
whether a method for rating coals is in 
sight which could be used directly for 
predicting the pulverizing characteris- 
tics without confirming mill tests. The 
authors do not believe the development 
of such a test is probable. However, 
if such a test were possible it would 
eliminate a lot of guess work from pul- 
verizer design and operation. 

Mr. Sherman also asks whether fur- 
ther work on the subject of grindability 
methods is advisable. The authors be- 
lieve that much may yet be done to 
simplify grindability testing. It is our 
opinion that nothing but confusion 
follows the expression of grindability on 
a percentage basis. So many people 
take the easy interpretation, which at 
one time was encouraged, that mill 
capacity and grindability are propor- 
tional. It would, in our opinion, be 
better to use the results of the labora- 
tory test as the grindability index in- 
stead of some calculated number as at 
present. The results of the tentative 
standard test method could well be ex- 
pressed as follows: 

1. Grindability by Hardgrove ma- 
chine method is equal to the percentage 
through the 100, 150, 200 or 300-mesh 
screen. The screen to use is to be 
adopted and specified by the A.S.T.M. 
after further study. 

2. Grindability by the ball-mill 
method ig equal to the number of revolu- 
tions required to reduce the specified 
sample so that 50, 60, 70 or 80 per cent 
will pass through a 200-mesh screen. 
The fineness to use is to be deter- 
mined and specified by the A.S.T.M. 


after further study. 
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RESUME OF SYMPOSIUM ON CORRELATION BETWEEN ACCELER- 
ATED LABORATORY TESTS AND SERVICE TESTS ON ae 


PROTECTIVE 


( 


AND DECORATIVE 


ABSTRACTED BY A. C. 


COATINGS 


( A compilation of the papers and discussion presented at the symposium | _ 


tion Between Accelerated Laboratory 
tive and Decorative Coatings. Ep. 


) have been issued as a special publication entitled Symposium on Correla- 


A feature of the 1937 Annual Meeting 
of the American Society for Testing 
Materials was a symposium on the corre- 
lation between accelerated laboratory 
tests and service tests on protective and 
decorative coatings. This symposium, 
held June 29, was conducted by Sub- 
committee VII on Accelerated Tests for 
Protective Coatings of the 
Committee D-1 on Paint, 
Lacquer and Related Products. 

In opening this symposium, the chair- 
man of the committee in charge of the 
program, Mr. H. A. Nelson, Assistant to 
General Manager, Technical Dept., The 
New Jersey Zinc Co., Palmerton, Pa., 
called attention to the fact thatitisabout 
25 yr. since Muckenfuss described the 
firstattempt to study the application of 
an accelerated testing scheme to paint 
products intended for exterior service. 
Since then a wide variety of accelerated 
laboratory tests have been developed 
which are now in daily use and it seems 
that some effort to take stock of their 
proper position in the industry is in or 
der. Realizing that the problem is of 
even more vital importance today because 
improvements in raw materials are open- 
ing up new possibilities for better paint 
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Tests and Service Tests on Protec | 


products at a bewildering rate, a more 
rapid evaluation of protective and deco- 
rative coatings must be approached from 
many different angles. These depend on 
the nature of the protective or decorative 
coatings and the uses for which they are 
intended, so the Symposium was not 
limited to a discussion of so-called accel- 
erated weathering tests but comprised 
three topics: namely, (1) Finishes for 
Indoor Service, (11) Paints for Exterior 


Service on Wood, and (III) Paints for 
Iron and Steel. 
Topic I Vinishes for Indoor Service: 


Mr. Wayne R. Fuller, 
Industrial Research, Devoe & Raynolds 
Co., Inc., Louisville, Ky., introduced 
Topic I and briefly reviewed the develop- 
ment of the large number of accelerated 
testing methods employed in the paint 
industry. the main, these 
methods are the outcome of the efforts 
of various laboratories working indi- 
vidually, most tests lack standardization 
of method, 
Certain 


Manager of 


Since, in 


technique and apparatus. 
methods have been used for 
years without any thorough-going at- 
tempt to determine the significance of 
the test results. The only sound view- 
point is that the method should be 
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carefully tested and standardized before 
it is adopted as a regular procedure. 

Accelerated tests may be _ broadly 
classified under two types: 

1. Those which undertake to repro- 
duce in a single test all of the factors 
encountered under service conditions, 
and 

2. Those which aim to study each 
property separately. 

The former group includes accelerated 
weathering tests; the latter distensibility 
tests of films which have been subjected 
to accelerated aging. Another form of 
accelerated testing involves aging the 
film under normal conditions and apply- 
ing testing methods which reveal film 
changes before they would be apparent 
otherwise. 

Regardless of the type of test, careful 
attention should be given to such points 
as control of film thickness and condi- 
tions during aging and testing of the 
films. ‘Tests should be conducted at 
regular intervals of aging and extending 
over a sufficient period of time to indi- 
cate the changes that occur with age, 
and hence, ultimate performance. In 
the development of testing equipment, 
care should be taken that the refinement 
will not be carried to the point that the 
cost will be prohibitive to all but a few 
laboratories. 

Mr. C.C. Hipkins, Member of Techni- 
cal Staff, Bell Telephone Laboratories, 
Inc., New York City, discussed the rela- 
tionship between accelerated tests and 
service behavior of finishes for telephone 
apparatus. Although the environmental 
factors leading to film failure on finishes 
used indoors are very mild as compared 
to outdoors, mechanical deforming 
stresses such as impact or flexing may 
shorten the life of these finishes greatly. 
Based on the assumption that the 
quality of an organic finish to be used 
indoors is definable in terms of measur- 
able and significant physical attributes, 


it has been possible to obtain a valid 
definition of durability. The effective 
strength of a finish is determined by a 
combination of abrasion and distensi- 
bility tests and its adherence and resist- 
ance to sudden mechanical shock by 
suitable impact tests conducted under 
controlled conditions of film thickness, 
temperature and humidity. By repeat- 
ing the physical tests periodically after 
intervals of exposure to either drastic 
or mild environments, definitely repro- 
ducible changes in character with time 
are observed. The results of several 
years’ work have shown that high rating 
on these physical tests coupled with 
retention of high values, serves as a 
satisfactory measure of durability. 

When an interior finish must with- 
stand mechanical abuse, the physical 
tests offer a direct means for selection. 
In numerous cases where equipment is 
subjected to repeated and severe me- 
chanical forces, such as repeated drops, 
impact tests gave a practically perfect 
correlation with simulated service tests 
and actual field behavior. At times, 
certain finishes must withstand addi- 
tional specific requirements such as the 
effect of perspiration, battery room acids 
or other chemical influences. In such 
cases special accelerated tests for these 
properties are utilized, but it must be 
kept in mind that, as a rule, very little 
may be sacrificed in the inherent physi- 
cal properties. 

Mr. Leo Roon, Technical Director, 
Roxalin Flexible Lacquer Co., Inc., 
Elizabeth, N. J., emphasized the neces- 
sity of basing accelerated tests of any 
kind on an exact knowledge of the condi- 
tions to which the finish is to be exposed 
during actual service. In an effort to 
differentiate between suitable and un- 
suitable finishes, consumers of organic 
coatings frequently set up accelerated 
tests which apparently bear some rela- 
tion to the actual service required, 
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whereas actually they have no signifi- 
cance. In one case, for example, finishes 
which were formulated to withstand the 
prescribed test for alcohol resistance 
were found to give very inferior service 
because no consideration had been given 
to abrasion resistance and other similar 
properties. In a second example, a so- 
called accelerated perspiration test con- 
sisting of exposure to oleic acid and 
various salt solutions yielded results 
impossible of interpretation in terms of 
actual service. These and other similar 
case histories led to the conclusion that 
accelerated tests are of little value unless 
they duplicate closely the actual service 
conditions and are founded on a thor- 
ough understanding of every phase of 
the services to which the finished ar- 
ticles are to be subjected. 

Mr. J. B. Bullitt, Jr., Chemist, Fin- 
ishes Division, Philadelphia Laboratory, 
E. I. du Pont de Nemours and Co., 
Philadelphia, Pa., described his experi- 
ences with a number of accelerated tests 
for the determination of the probable 
service behavior of white interior fin- 
ishes. During the past few years con- 
siderable data have been accumulated 
on the accelerated testing of white inte- 
rior metal finishes suitable for use on 
refrigerators and other similar equip- 
ment. Consideration is given to only 
four of the more important character- 
istics of interior finishes: namely, (1) 
hardness and flexibility as a measure of 
resistance to mechanical abuse, (2) rust 
and humidity resistance, (3) color reten- 
tion, and (4) grease resistance. 

Although the usual impact, bend and 
scratch tests, particularly when accom- 
panied by accelerated aging at slightly 
elevated temperatures, correlate quite 
well with the tendency of the finish to 
chip in ordinary indoor service, scratch 
and indentation hardness have not corre- 
lated well with normal marring and 
scarring in service. Laboratory expo- 
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sures in a high humidity cabinet give a 
satisfactory indication of blister resist- 
ance, but correlation with rusting is less 
satisfactory, since the humidity tests do 
not give the same type of rusting that 
is encountered in service. The salt- 
spray test, although widely used by the 
trade, is of slight value, since it is diffi- 
cult to obtain duplicate results and to 
interpret them in terms of actual service. 
It seems best to test this property by 
exterior exposure, preferably in Florida. 
Color retention tests are of some value 
when interpreted with great care and 
when testing finishes of the same type, 
but are of no value in comparing differ- 
ent classes of finishes. It is best to base 
conclusions on exposure under condi- 
tions simulating actual service. Grease 
resistance and perspiration § resistance 
are perhaps the most difficult properties 
to measure in an accelerated test. In 
general, the less accelerated the test the 
more reliable it is, but even when making 
no attempt to accelerate the test, it has 
been impossible to reproduce exactly 
in the laboratory some types of failure 
obtained in service. Nevertheless, a 
combination of a variety of tests with 
different greases, different types of expo- 
sures, etc., will give a fairly reliable 
picture of the expected performance. 

Mr. W. I. Lutz, Technical Director, 
Pratt & Lambert, Inc., Buffalo, N. Y., 
discussed accelerated testing of furniture 
lacquers. In order to reproduce the 
normal deterioration of furniture fin- 
ishes, the weathering factors consisting 
of moisture and temperature changes 
and sunlight were combined into an ac- 
celerated weathering cycle, comprising 
6.2 per cent of light at low humidity, 4.2 
per cent of light at high humidity, 10.4 
per cent of refrigeration and 79.2 per 
cent of normal room exposure. It will 
be noted that only a little more than one- 
fifth of the cycle consisted of accelerat- 
ing influences. The normal periods 
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between periods of acceleration were 
found necessary to reduce the indirect 
type of failure. Although the experi- 
ence with this test cycle is limited and 
experimental data are insufficient to 
support extensive claims for its reli- 
ability, it may be stated that fair corre- 
lation between this accelerated exposure 
and normal service conditions can be 
obtained. 

Mr. Wayne C. Norris, Resin Develop- 
ment Laboratory, American Cyanamid 
and Chemical Corp., New York City, 
discussed the resistance to cold checking 
of lacquers and other surface coatings 
and also described an apparatus and 
method for evaluating this property. 
One of the important factors involved 
in the evaluation of the serviceability 
of almost all protective and decorative 
finishes is the ability to withstand sud- 
den temperature changes. Since this 
has been fairly well recognized it has 
become an accepted part of exposure 
cycles. 

After due consideration of the factors 
involved in a test of this nature, equip- 
ment was designed which can be used to 
give a very high rate of cooling to panel 
surfaces, and is thermostatically con- 
trolled to maintain temperatures from 
-~7 to —34C. within limits of +2 deg. 
Cent. A complete description of this 
equipment is given by the author in a 
paper presented at the meeting.” The 
end point of the test consists of trans 
verse or cross-grain checking or cracking 
and is very definite when the proper 
viewing angles are employed. ‘There 
seems to be no difference in the type of 
checking from that met with in service. 
On veneer panels, cracking with the 
grain almost always appears early during 
the test preceding the strictly cross- 


? Wayne C. Norris, ‘Equipment for Testing the Resist- 
ance to Cold Checking of Lacquers and Other Surface 
Coatings,” see p. 478. 
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grain cracks, and the time of appearance 
should always be noted and should form 
an important part of the rating of the 
lacquer in question. 

It appears that the main problem is 
to develop standardized testing methods 
and equipment and enough experience 
and information in the intelligent appli- 
cation of such equipment. 

Mr. R. J. Moore, Development Man- 
ager, Varnish Resin Division, Bakelite 
Corp., Bloomfield, N. J., said that, in 
reviewing the laboratory evaluation of 
paint and varnish films, the chemist is 
concerned with such fundamental fac- 
tors as water resistance, flexibility and 
its retention, and resistance to chemical 
influences. Since the corrosion of metals 
or the deterioration of wood does not usu- 
ally take place until water reaches its sur- 
face, the importance of water resistance 
is readily understood. In the laboratory 
this property is tested by immersion 
in cold or boiling water and examina- 
tion of the film for defects developed 
during this exposure. Other measure- 
ments determining quantitatively the 
rate of penetration of moisture through 
the film have been proposed and may be 
preferable. The proper evaluation of 
the film qualities includes not only the 
determination of initial values but also 
their rate of change under exterior or 
accelerated exposure conditions. 

The second factor, flexibility or dis- 
tensibility, may be easily determined by 
a number of tests such as the Kauri 
reduction and mandrel bending. tests. 
Again, while initial flexibility is impor- 
tant, more importance is attached to 
retention of this property on aging. 

Chemical influences include oxidation, 
decomposition by ultraviolet light and 
radiations of longer wave length as well 
as the direct action of all those chemical 
agents encountered during use. ‘The 
latter include soap and other alkalies, 
acids and the various corrosive gases 
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present in the atmosphere. Alkali re- 
sistance is usually determined by immer- 
sion in weak sodium hydroxide solutions. 
Films containing relatively high con- 
centrations of peroxide linkages are 
readily broken down under these condi- 
tions, while the films which dry by poly- 
merization are admittedly more resist- 
ant. Resistance to other chemicals is 
irequently determined in much the same 
way by immersion in dilute solutions of 
the chemicals in question. 

Mr. EF. F. Hickson, Chief, Paint Sec- 
tion, National Bureau of Standards, 
Washington, D. C., discussed laboratory 
testing on inside flat wall finishes, espe- 
cially as applied to the development of 
Government specifications. In the de- 
velopment of specifications based exclu- 
sively on physical and performance tests, 
considerable difficulty was encountered 
in devising tests which would give reli- 
able numerical results. A large number 
of representative commercial paints were 
evaluated and specifications were based 
on the results shown by the best of them. 
Hiding power was determined by the 
usual brush-out test on black and white 
checkerboard, viewed under constant 
standardized illumination. Since re- 
flectance greatly influences the hiding 
power of any given paint, a reflectance 
of not less than 85 per cent relative to 
magnesium oxide specified. Al- 
though consistency is one of the most 
important paint properties, there is no 
commonly accepted procedure or instru- 
ment for the determination of this 
property. Brushing, flowing and level- 
ing are determined by brush-out tests on 
sufficiently large beaver-board panels; 
small-scale tests, being unable to detect 
differences, are worthless for this pur 
pose. Gloss is evaluated by comparison 
With a mutually agreed upon standard 
painted out af the same time and on the 
same surface as the paint under test. 
Flexibility is determined by a simple 
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bending test of a baked finish on tin, 
The washability test consists of noting 
the ease of removal of writing ink and 
grease stains from dry paint films with 
grit soap and water. A _ specification 
based on these tests has resulted in an 
appreciable improvement of the quality 
of the paints submitted. 


Topi 
Wood: 


Paints for Exterior Service on 


Mr. H. A. Gardner, Chemical Engi- 
neer, The Institute of Paint and Varnish 
Research, Washington, D. C., introduced 
Topic I] and summarized his experience 
with accelerated weathering tests on 
paints for exterior service on wood by 
stating that they had failed to give 
reliable results and that exterior expo- 
sure in Florida was much_ superior. 
Nevertheless, there was hope that more 
reliable testing methods and equipment 
could be developed and that this Sym- 
posium would stimulate efforts in this 
direction. 

Mr. Ff. L. Browne, Seniot Chemist, 
Forest Products Laboratory, Madison, 
Wis., expressed a somewhat similar view- 
point. In Mr. Browne’s opinion, how- 
ever, it is unreasonable to expect accel- 
erated weathering to duplicate exactly 
in a series of paint coatings the same 
defects that appear over a longer period 
of time on exterior vertical south expo- 
sure. All that can reasonably be ex- 
pected is that a weathering test will 
reveal in some recognizable way those 
inherent characteristics of coatings that 
we know from general experience affect 
their behavior under service conditions. 
It seems obvious that the radical change 
in the method of testing necessary to 
obtain the desired degree of acceleration 
should likewise seriously alter the mani 
lestation of the visible detect his 
detect ol accelerated weathering may, 
however, be partly overcome by im- 
proved methods of interpretation. It 
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appears unwise to discard accelerated 
weathering because of the present uncer- 
tainties in interpreting the results. Fu- 
ture development of accelerated weather- 
ing should concentrate not on some 
change in the cycles used but rather on a 
more careful study of the bearing which 
the defects of a paint as shown by accel- 
erated weathering may have on the 
serviceableness of the same paint in 
actual use. 

Mr. C. D. Holley, Director of Allied 
Research, The Sherwin-Williams Co., 
Chicago, Ill., ascribed many of the 
troubles of accelerated weathering to the 
lack of a well-established standard of 
normal weathering. ‘The effect of varia- 
tions in climatic conditions cannot be 
eliminated by the use of a guide paint 
on each panel. Although a few locali- 
ties are known in which specific weather 
and climatic conditions repeat them- 
selves in like cycles, performance under 
exposure in such localities would be 
badly misleading with respect to general 
service performance in other localities. 
Realizing the limitations of panel expo- 
sures, it would seem that definite infor- 
mation as to the average performance 
characteristics of the paint formulation 
in question could be obtained only if such 
exposures were repeated many times and 
under circumstances of application which 
satisfactorily simulate actual usage. 
With the aid of norms obtained in this 
manner, accelerated weathering tests 
could be standardized. 

Mr. M. J. Dorcas, Manager, Lamp 
Dept., National Carbon Co., Inc., Cleve- 
land, Ohio, on the other hand, expressed 
the opinion that even the most durable 
paints for exterior service on wood give 
typical failures in accelerated testing 
equipment if sufficient time is allowed, 
some of the best paints requiring from 
one to three months’ continuous opera- 
tion to get complete disintegration. If 
the light source contains more ultraviolet 
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than sunshine, excessive chalking may 
be observed. More reliable results may, 
however, be obtained at the cost of 
increased exposure time. His experi- 
ence led him to conclude that accelerated 
testing machines give a useful indication 
of the ultimate behavior of paints in 
actual service in a small fraction of the 
time required for the actual service test. 

Mr. A.C. Eide, Sales Engineer, Ameri- 
can Zinc Sales Co., Columbus, Ohio, 
pointed out that the attitude taken by 
technical men with regard to the value 
of the present test methods for weather- 
ing of paints depends in a large part on 
how much they demand of such a test. 
If perfect correlation with all kinds of 
paints is demanded, accelerated testing 
is a failure. However, the weatherome- 
ter is a splendid research tool although 
it is not yet developed for miscellaneous 
specification work. Experimental data 
indicate that the first appearance of 
failure in the weatherometer is a better 
guide than when the failure becomes 
more pronounced. 


Mr. Harlan A. Depew, Research 
Chemist, American Zinc Sales Co., 


Columbus, Ohio, believes that what is 
needed is a test that in 24 hr. will give 
a good indication of the failure in 1 or 2 
yr. of service. Based on the large 
amount of information gathered by the 
paint industry and a theory of the func- 
tion of pigments in paint films, it should 
be possible to develop a truly accel- 
erated test. 

Mr. G. B. Girault, Paint Technologist, 
Robert W. Hunt Co., Chicago, IIL, 
reported very satisfactory correlation 
between weatherometer results and exte- 
rior exposure under service conditions. 
Both the degree and the nature of the 
breakdown obtained in accelerated 
weathering coincided satisfactorily with 
failure under exterior exposure. 

Mr. ©. ¥. Hopkins, Division of 
Chemistry, National Research Council 
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of Canada, Ottawa, Ont., Canada, con- 
ducted a series of tests in which the 
degree of correlation obtainable between 
accelerated weathering, 45-deg., and 
vertical roof exposures was determined. 
The test included a number of com- 
mercial and three experimental paints 
applied to white pine panels. The 
agreement between these three types of 
exposure was fair, although the weath- 
erometer cycle used was found to be too 
wet. Where other observers have found 
discrepancies between natural and arti- 
ficial weathering, it does not necessarily 
follow that the accelerated test is at 
fault. Unsatisfactory results from arti- 
ficial weathering may in many cases be 
due to: (1) improper cycle in weathering 
machine, (2) inaccurate results from 
corresponding exterior exposures, (3) 
improper preparation of the panels, and 
(4) errors in interpreting the condition 
of the weathered film. It seems likely 
that when the most suitable conditions 
of test have been worked out, the accel- 
erated weathering test will be found to 
be as reliable as, or perhaps more reliable 
than, outdoor weathering. 

Mr. E. W. McMullen, Director of 
Research, The Eagle-Picher Lead Co., 
Joplin, Mo., reported very poor cor- 
relation and contradictory results be- 
tween accelerated weathering and exte- 
rior exposure in a series of tests conducted 
in an accelerated weathering machine of 
their own construction. Believing that 
improved sources of light, more closely 
simulating sunlight, would yield more 
satisfactory correlation between acceler- 
ated and exterior exposure results, he is 
making attempts to design an improved 
accelerated weathering machine. Al- 
though final results are not yet available, 
there are indications that better agree- 
ment will be secured. In the meantime, 
vertical exterior exposures are used al- 
most exclusively in the evaluation of 
paints. 
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Mr. C. H. Rose, Chemist, National 
Lead Co., Research Laboratories, Brook- 
lyn, N. Y., also reported poor agreement 
between accelerated and exterior weath- 
ering in regard to type of failure and 
lifeexpectancy. The accelerated weath- 
ering system used by this investigator 
has in many cases developed checking 
in paints to a much greater degree and 
proportionately earlier than exterior 
exposure. It also caused cracking and 
scaling in paints usually not subject to 
these defects under normal exterior 
weathering. On the other hand, it has 
been observed that accelerated weather- 
ing often does not develop chalking to 
the degree which is obtained on exterior 
exposure. However, accelerated weath- 
ering has proven valuable as a research 
tool, especially in the elimination of 
paints having poor weathering charac- 
teristics. It has also been used quite 
successfully in the evaluation of the color 
stability of tinted paints, although the 
type of fading caused by change in 
refractive index relations as the vehicle 
disintegrates cannot be determined in 
this way, because this involves the 
breakdown of the film which is not accu- 
rately reproduced by this machine. ‘The 
poor correlation between accelerated and 
exterior weathering may be attributed 
to the fact thatin accelerated weathering 
the concentrated weathering influences 
are imposed on young and immature 
films while under normal exterior expo- 
sure the much milder and less concen- 
trated weathering conditions are spread 
over a much longer period of time. 
During much of the weathering period 
outdoors, the films are fully matured and 
are affected by the elements in a very 
different way. It might be possible to 
obtain accelerated weathering results 
which would correlate somewhat better 
with exterior exposure by using different 
types of cycles for the various types of 
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paints, or even for the various types of 
failures. 

Mr. S. Werthan, Chief, Paint Section, 
Research Division, The New Jersey Zinc 
Co., Palmerton, Pa., is of the opinion 
that accelerated weathering systems 
should be so formulated as to reproduce 
the average failure characteristics of a 
number of standard paints carefully 
established by a large number of exterior 
exposures. In a balanced accelerated 
weathering test, the factors promoting 
disintegration of the paint film under 
exposure and the frequency of their 
occurrence are generally intensified, 
while their correct relation and se- 
quence are maintained. Since these 
factors affect various types of finishes 
to different degrees, an accelerated ex- 
posure cycle should be developed for 
the specific finish to be tested. Usually 
an artificial cycle will not exactly re- 
produce the deterioration occurring 
under exterior exposure, and considera- 
tion must be given to the type of expo- 
sure and the interpretation of the results. 
Absolute failure ratings cannot be given 
and the durability of a paint should be 
expressed in terms of a standard com- 
parison paint of known durability and 
failure characteristics. In general, good 
agreement is obtained between accel- 
erated and exterior exposure results as 
far as the best and the poorest paint of a 
series are concerned. Lack of agree- 
ment is with the intermediate products 
of a series, which usually differ only 
slightly in durability characteristics. 
Many years of experience with accel- 
erated weathering tests justify the con- 
clusion that accelerated weathering pro- 
vides reliable information if: (1) the 
apparatus and cycle are properly de 
signed and calibrated, (2) the panel 
preparation is caretully 
and (3) the failures are accurately ob 


served and interpreted. 


standardized, 


Topic IIlI—Paints for Iron and Steel: 


Mr. C. F. Rassweiler, Director, Phila- 
delphia Laboratory, Finishes Division, 
kK. I. du Pont de Nemours and Co., Inc., 
Philadelphia, Pa., introduced Topic ITI 
and called attention to the fact that 
the broadness of the field covered pre- 
vented a universal application of any 
one accelerated test. Conditions of 
exposure vary so widely that accelerated 
tests which might correlate well in one 
case are likely to fail completely in other 
cases. It is, therefore, well to keep in 
mind whether the finish to be tested is, 
for example, the enamel type as used on 
automobiles, or the maintenance type 
as used on structures. 

Accelerated tests may be _ broadly 
classified into: (1) tests which attempt 
to duplicate actual service, (2) tests 
which depend on the concentration of 
some single or perhaps relatively small 
group of destructive influences, and (3) 
tests which attempt to predict durability 
on the basis of certain fundamental film 
properties such as flexibility, water 
impedance or abrasion resistance. In 
selecting accelerated tests in any of 
these three groupings, care should be 
taken to determine whether the results 
obtained are reproducible with the 
desired accuracy, whether the failure 
produced is related to the failure ob- 
served under actual service conditions, 
whether the test places the materials in 
question in the proper order of relative 
durability, whether the results indicate 
the relative length of time before failure 
may be expected in service, and whether 
the range of compositions over which 
this test yields reliable correlation with 
actual service has been definitely estab- 
lished. Much of the confusion in accel 
erated testing has probably been due to 
atllempts lo push accelerated tests be 


yond the range on which correlation had 


been established. 


7 
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In considering the correlation between 
accelerated testing and actual service 
durability, it is only fair to point out 
that the base against which correlation 
ts being attempted, namely, service dura- 
bility, is itself not a constant or easily 
determinable value. Even with a rela- 
tively large number of units available 
for testing, it is extremely difficult to 
eliminate accidental differences in expo- 
sure conditions and to establish any 
definite value as representing the service 
durability of a given finish. ‘Test fence 
exposures usually relied upon as com- 
parison standards are in themselves 
something of an accelerated test greatly 
affected by local conditions, the method 
of preparing the specimen and other 
factors, many of which are not fully 
understood. It might well prove that 
the consensus of opinion expressed in 
this Symposium will be to consider the 
problem of standards before much study 
is given to concentrating the weathering 
factors themselves. 

Mr. G. B. Girault, Paint Technologist, 
Robert W. Hunt Co., Chicago, IIl., fol- 
lowed and stated that the results ob- 
tained in extensive work on the inspec- 
tion and testing of metal protective 
paints for the Navy Department, rail- 
roads, highway departments, etc., had 
demonstrated the dependability of accel- 
erated tests as compared with actual 
outside durability, citing examples such 
as a license plate finish, a paint for use 
on steel railroad cars and a gasoline 
truck enamel. The durability of these 
finishes as determined in the weath- 
erometer was verified by the results of 
actual service. 

Mr. S. G. Saunders, Staff Officer in 
Charge of ‘Paint Methods Dept., Chrysler 
Corp., Dodge Brothers Division, De- 
troit, Mich. expressed a similar view- 
point. After extended experiments with 
a machine using a quartz-mercury arc 
which yielded very discouraging results, 


a machine using a carbon arc which 


has been in use for a period of two years 
has yielded failures very similar in de 
sign and pattern to the failures observed 
under exterior exposure in Florida. ‘The 
exposures were carried to the point of 
failure by checking, cracking, peeling, 
blistering, alligatoring, etc. As far as 
chalking is concerned, it has not been 
possible to correlate between accelerated 
tests and actual service. However, it 
seems possible that by changing the com- 
position of the carbons and by inter- 
posing a Corex filter, results might be 
produced which would be more in line 
with those obtained in actual service. 
In the case of lacquers, the correlation 
between Florida and accelerated expo- 
sures amounted to 75 per cent, whereas 
there was about 90 per cent correlation 
in the case of synthetic resin enamels. 
The type of resin used, undercoater sys- 
tem, and variations in formulation ac- 
count to some extent for the differences 
observed. In the case of red colors, 
both lacquers and synthetic resin enam- 


has proved to be a convenient and prac- 
tical method of estimating the compara- 
tive durability of most paint coatings 
applied over ferrous surfaces. The test 
is particularly valuable for the deter- 
mination of the useful life of exterior 
finishes, in which corrosion is the pri- 
mary factor. In general, those coatings 
which show the least amount of break- 
down in the salt-spray test have been 


found to be most durable by exterior — 


exposure tests. Much criticism of the 


els show no similarity between service 
and accelerated exposures. Taking all 
classes of materials into account, about 
10 to 12 hr. accelerated exposure are 
equivalent to approximately 1 month’s 
exposure in Florida. 

Mr. V.M. Darsey, Technical Director, 
Parker Rust-Proof Co., Detroit, Mich., 
limited his discussion entirely to his 
experience with the salt-spray test. 
He concludes that the salt-spray test 
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salt-spray test results is due to attempts 
to establish a definite comparison be- 
tween a given period in the salt spray 
and the equivalent period of months out- 
doors. The salt-spray test data indi- 
cate primarily the effect of corrosion on 
the durability of the paint coating, and 
such factors as variability in outdoor 
temperature, effect of sun, fading, and 
chalking are not within the scope of the 
test. Although the salt-spray test simu- 
lates marine atmosphere it is neverthe- 
less an artificial condition and it is be- 
lieved undesirable to estimate the actual 
service life of a paint coating on the basis 
of salt-spray results. In the grading of 
failures on panels subjected to the salt- 
spray test, it has been found very useful 
to express the amount of rusting ob- 
served by the distance rust crept under- 
neath the paint film from a scratch made 
in the film with a sharp point prior to 
exposure. Consideration should — be 
given to this method for making the 
results obtained with this test more 
reproducible. 

Mr. E. H. Barlow, Chief Engineer, 
Standard Oil Development Co., Eliza- 
beth, N. J., summarized the status of 
accelerated testing of metal protective 
paints in the petroleum industry. For 
18 yr. the large oil companies have been 
conducting accelerated as well as service 
tests and have come to the conclusion 
that the latter are more reliable and give 
more complete information regarding the 
product under test. Accelerated tests 
serve a purpose in so far as they give 
some information in a much shorter time, 
facilitate the testing of a much larger 
number of products than would be pos- 
sible otherwise, help eliminate unsuitable 
coatings, and afford a more intelligent 
selection for service tests and future use. 
Accelerated tests should not be too 
severe, but should simulate as closely 
as possible, the conditions encountered 
under actual service. One useful appli- 


SyMPOSIUM ON ACCELERATED PAINT TESTS 


cation of accelerated weathering ma- 
chines such as the weatherometer is the 
evaluation of the tint and gloss retention 
of color enamels for pumps, tanks, trucks 
and other equipment. In the evalua® 
tion of finishes for the interior of gasoline 
tanks, an exposure cycle consisting of 
exposure to salt water, moist air, hot 
water, and cleaning compounds has been 
found more reliable than accelerated 
weathering tests of the conventional 
type. For other special conditions, 
preference is given to tests conducted 
under actual service conditions, espe- 
cially where those do not require a long 
time before failure is observed. 

Mr. C. E. Wilson, Technical Director, 
James B. Sipe and Co., South Hills 
Branch, Pittsburgh, Pa., reports poor cor- 
relation between accelerated tests and 
exterior 45-deg. exposure. Of twenty 
series of exposures, eight showed good 
correlation in the order of failure, ten 
showed no agreement and two partial 
agreement. ‘Those tests which showed 
good correlation included five series in 
which the accelerated cycle was relatively 
short and the test fence exposure rela- 
tively long. They also included three 


sets in which both accelerated and 
exterior exposures were long. Several 
series of tests have been carried 


through the accelerated weathering 
cycle for very long periods without 
the development of the type of 
failure which occurs on the test fence. 
After chalking is well started, it appar- 
ently protects the remainder of the coat- 
ing and several tests were observed which 
retained their protective value much 
longer in the accelerated weathering 
machine than under exterior exposure. 
One exception to the general unrelia- 
bility of this accelerated weathering sys- 
tem was found in the testing of clear 
varnish films over bare metal. It is this 
investigator’s opinion, therefore, that 
accelerated weathering is useless except 


q 
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for a comparison of the resistance to 
fading of pigmented films, and for a com- 
parison of the durability of unpigmented 
varnishes. The results of those tests, 
however, should be corroborated by test- 
fence exposures. 

Messrs. J.C. Moore and N. T. Phelps, 
Superintendent, and Chief Chemist, 
respectively, Paint Dept., Sinclair 
Refining Co., Marcus Hook, Pa., also 
found accelerated weathering to show no 
correlation so far as rate and type of 
failure are concerned with the same 
failures on test-fence exposure. The 
weatherometer is unsatisfactory for 
evaluating the anticorrosive properties 
of primers and for testing aluminum 
paints, although there is fair correlation 
between accelerated and test-fence re- 
sults for oleo-resinous varnishes and 
enamels. The weatherometer was found 
most valuable for comparison of gloss 
retention and checking and cracking 
failures, but is believed to show unre- 
liable results in the case of tint retention, 
water resistance and water spotting. 


=— 


Testing marine finishes by exposing 
panels on a rack on an oil tanker has 
been found a more satisfactory method 
than the use of accelerated weathering. 
Accelerated weathering is no doubt 
valuable as a research tool but cannot be 
used with satisfactory results by the 
ordinary person. In the hands of the 
experienced operator, the weatherometer 
may be used to secure very satisfactory 
results, while in the hands of the un- 
trained or unscrupulous user, the results 
of the weatherometer may be practically 
worthless. 

Mr. H. A. Nelson, the chairman, in 
concluding this Symposium, stated that 
although many of the statements heard 
appear to be conflicting and impossible 
of reconciliation, the more or less general 
impression is justified that accelerated 
laboratory tests even in their present 
elementary stages, have proved very 
useful research tools which cannot be 
ignored, although their application to 
specification purposes should still remain 
quite limited. 
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EQUIPMENT FOR TESTING THE RESISTANCE TO COLD CHECKING 
OF LACQUERS AND OTHER SURFACE COATINGS 


By WAYNE 


a The impelling force most responsible 
for the change from varnish to lacquer a 
few years ago was the demand in the 
consuming industries for greater speed 
of production. As we all know, the 
general adoption of nitrocellulose lacquer 
reduced finishing schedules toa fraction of 
the time formerly required. It may be 
said that lacquers were the result of the 
substitution of properly plasticized nitro- 
cellulose for most or all of the oil and 
part of the resin in the oleoresinous 
materials which they replaced. No 
compromise with protection was neces- 
sary, even though the schedules were so 
enormously speeded up. 

Once, however, the initial hurdle of 
eliminating days from the finishing 
schedule was jumped and production 
lines made their appearance, it became 
desirable further to reduce time sched- 
ules as far as safety would permit. 
Much of this further speeding up neces- 
sarily had to be done by the development 
of resins which combined maximum 
toughness with the desired working 
properties, such as fast dry and solvent 
release, good sanding, rubbing, polishing, 
etc., which properties have always been 
accompanied to a greater or less degree 
with lack of distensibility or “shortness.” 
Kauri-reduction tests, bend tests, accel- 

erated exposures, various distensibility 
-measurements on the films themselves, 
_and exterior exposures have all been used 


Resin Development Laboratory, American Cyanamid 
~ and Chemical Corp., New York City. 
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by the paint and allied materials manu- 
facturers in their efforts to determine 
the safe limit in “shortness.” The 
testing of finishes for their resistance to 
cold checking (tendency to rupture 
under severe temperature change) has 
until recently been done only sporad- 
ically and is not yet a common routine 
test. Its importance, however, espe- 
cially in the furniture field, is attested by 
the fact that in evaluating finishing 
materials, one leading consumer places 
greater stress on ‘‘cold check resistance,” 
than on any other property, such as 
print resistance, or application and 
rubbing qualities and resistance to heat, 
moisture and solvents. It is at once a 
test of tremendous practical significance 
because finishes in use are subjected to 
sudden temperature differentials, and 
is of fundamental importance because it 
yields results not entirely predictable by 
other accepted tests. In the sense that 
print resistance is a measure in one 
direction of the useful thermo-plasticity 
range of a coating, resistance to cold 
checking is a yardstick at the other end 
of the range. 

Notwithstanding the fundamental na- 
ture and importance of such a test, there 
is need for agreement in the industry as 
to how it should be carried out. Con- 
sistent data in a single laboratory have 
been difficult to obtain while check re- 
sults between two or more laboratories 
have been almost impossible. 

While a test so dependent upon other 
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factors, such as application, might never 
he expected to yield highly quantitative 
results, the main difficulty has been the 
lack of a suitable and standardized 
apparatus in which to test. 

A survey of the methods employed for 
such tests in a number of lacquer labora- 
tories showed considerable variation, 
ranging from the use of the mechanical 
water-cooler in the office, to utilizing a 
refrigerated ware-house. An average 
method was the adaptation of a rather 
large-size mechanical refrigerator, but 
this provided no adequate control. The 
capacity was insufficient for cooling a set 
of panels in the desired time and, without 


THERMOMETER 


Kis. 1. Insulated Electric Oven Packed with 
Dry Ice. 

air circulation, temperature differentials 

in the compartment of 10 to 20 deg. 

Cent. were commonly experienced. 


Preliminary Experiments: 


The stringent requirements to be met 
and the lack of adequate refrigerating 
equipment to simulate service conditions 
suggested the use of dry ice in a cabinet 
as the cooling medium. Accordingly, its 
possibilities were examined in a well- 
insulated electric oven of the induced 
draft recirculating type. It was found 
that with about 40 Ib. of dry ice loaded 
into a wire cage and placed in the oven 
as indicated in Fig. 1, temperatures of 
from — 20 to —40 C. could be reached in 


15 to 20 min. after placing the panels, 
previously warmed to 49C., in the 
compartment. With no more control 
than is possible in a setup of this kind, 
however, duplication of results is diffi- 
cult. Standard samples must be run 
with every series, and results expressed 
in terms of the behavior of those stand- 
ard samples. Notwithstanding the 
obvious faults of such a setup, the 
equipment is available in most lacquer 
laboratories and it represents an econom- 
ical means by which cold check tests may 
be made and can be recommended for 
those laboratories with only an occa- 
sional cold-check test to run. 
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hic. 2. Flow Chart of Cabinet. 


Description of Apparatus: 


Once the value of solid CO, as a cool- 
ing medium was demonstrated, a cabinet 
was designed to furnish as economically 
as possible sufficient capacity to lower 
the temperature of 50 Ib. of steel panels 
from 120 F. (49 C.) to —5 F. (— 20.5 C.) 
in 5 min. 

A flow chart of the design is shown in 
Fig. 2. Briefly, the apparatus consists 
of an insulated cabinet containing a panel 
compartment, two dry-ice  compart- 
ments, a continuously operated circu- 
intermittent 
In the flow chart, the 
solid arrows represent the continuously 
operated system. Here the gases pass 


latory system, and an 
cooling circuit. 
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from fan A through duct B into panel 
compartment C, and then back through 
duct Dand Eintofan A. The secondary 
or cooling circuit is shown by broken 
arrows and is cut into operation through 
the thermostat. The gases are taken 


from the common duct £ through fan 
F and the manually operated damper fd 
From here they 


into the chamber G. 
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side of both dry-ice compartments. 
That is, the dry ice compartment H 
covers the whole of the area directly in 
front of the observer, while the compart- 
ment //, covers a similar space in back 
of the fans, panel compartment, etc. 
The solid arrows in Fig. 3 show the flow 
of the gases in the main circulatory 
system which is in continuous operation, 


DAMPER CONTROL—~ 


Fic. 3.—Test Cabinet. 


are cooled by passing up through the 
dry-ice compartment // and are then 
allowed to escape from duct J through 
rubber check valve K into duct B, where 
they mix with the gases in the main 


circulating system. 


The cut-away side elevation shown in 


Description of Cabinet: 


Fig. 3 is taken looking across the broad 


while the intermittently operated cooling 
circuit is shown by broken arrows. 7 


Specifications: 
The details of the apparatus are as 
follows: 


OVER-ALL DIMENSIONS: 2 ft., 10 in. by 
2 ft., 44 in. by 4 ft. 
COMPARTMENT DIMENSIONS: 1 ft., 1 in. 


by 1 ft., 3 in. by 1 ft., Lin. d 


THERMOMETER THERMOSTSIT TO MOTOR v4iTCH - 
| 


CONSTRUCTION: ;-in. steel box with 

_ galvanized sheet steel ducts and the 

screened openings covered with 

tinned 8-mesh wire. Cabinet car- 
ried on four swivel mounted castors 
with 4-in. rubber tired wheels. 

INSULATION: 3-in. cork insulation over 
entire outside surface, covered with 
28-gage steel. 

CIRCULATORY SYSTEM: 

Motor.—} h.p., 1800 r.p.m. totally en- 
closed vertical flange mounted 
ball bearing. 

; 220 v., single phase, 60 cycle. 

Fan. -Buffalo Forge No. 3 baby con- 

oidal 


COOLING SYSTEM: 
Motor.—Same as for circulatory sys- 


tem. 

Fon —Buffalo Forge No. 21 reversible 
volume fan. 

THERMOSTAT: Liquid filled bulb, mer- 
coid type. Range —6.7 C. (+20 F.) 
to —34.4C. (—30F.). 

Differential 2 to 4 deg. Fahr. 

PANEL Racks: Two: each accommodat- 
ing 15 panels 6 by 12 in. with sup- 


ports in. apart. 

Operating Characteristics: 

Damper Manipulation.—The main 
function of the damper is to assist the 
thermostatic control by regulating the 
amount of cold CO, gas allowed to enter 
the main circulating system when the 
intermittent fan is in operation. It also 
controls the amount of back draft or feed 
into the main circulatory system when 
the intermittent fan is not operating. 
In general, it has been found that the 
damper should be kept closed or nearly 
closed when working around —10C. 
(14F.) and wide open at —35C. 
(—31F.). At a working temperature 
of —20C. (—4F.), it will be found 
advantageous to open wide the damper 
when cooling down the box and during 
the first cooling period after the panels 
are introduced. After the initial drop 
is accomplished and the thermostat 
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reset, the damper should be closed for a 
while until equilibrium is established, 
when it may be opened up at least 
partially. 

Circulation...Anemometer readings 
were made by placing the instrument in 
the center of the panel compartment. 
The following data were obtained by 
running the cabinet without solid CO, 
being charged into the compartments: 


Fr, per MIN. 
Both fans on............ damper open....... 480 
Circulating fan only.....damper open....... 380 
Intermittent fan only....damper open....... 100 
Circulating fan only..... damper closed... ... 370 


Intermittent fan only. ...damper closed...... 0 


These results show a degree of circulation 
which permits rapid heat transfer and 
also show the positive action of the 
damper. 

Typical Cycle.—Starting with the 
cabinet at room temperature and a 
charge of 80 lb. of dry ice (approxi- 
mately 40 lb. in each compartment), the 
temperature of the gases coming across 
the working chamber will stabilize at 


—20C. (—4 F.) in 30 to 40 min. with 
the thermostat set for that temperature. 
If that is the temperature at which it is 
wished to cool the test panels, the 
cabinet should be cooled to about — 26 C. 
(—15F.). With both motors shut off, the 
panels previously heated to 49C. (120F.) 
in a separate oven, are introduced, the 
motor switches are then closed, and the 
thermostat reset for the required tem- 
perature. With this procedure the tem- 
perature of the gases will stabilize at — 
—20 C. (—4 F.) within 5 min. with the 
compartment filled to its capacity load 
(two aluminum racks containing 15 _ 
veneer panels each, with panels and 
racks introduced at a temperature of | 
49 C. (120 F.). 

Working Range and Kconomy. ‘Tem- 
peratures within the range of the 
thermostat (—6.7 to —34.4C. (20 to 
—30 F.)) can easily be reached in 5 to 6 
min. and held within + 2 deg. Cent. 
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when the general procedure given in the 
above paragraph is followed. The quan- 
tity of dry ice charged may vary from 
30 to 120 Ib., depending on the tempera- 
tures required from —10 to —35C. 
This observation is made not only from 
the point of view of economy, but also 
because of the better control possible. 

A charge of 80 Ib. of dry ice is sufficient 
for one day’s continuous operation at a 
temperature of —20C. This is allow- 
ing for a change at the end of each of the 
8 hr. If two sets of panels are being 
alternated between heat and cold, this 
means that 60 panels may be given four 
temperature changes per working day of 
9hr. Ata cost of 2} cents per pound of 
dry ice, this amounts to $2.00 per day. 


Uses: 


Most of the testing to date with this 
apparatus has been on furniture lacquers 
applied to wood veneer panels. It is 
equally as useful, of course, in testing 
other types of finishes, for automotive or 
airplane use, for example. I hysical 
tests, such as bending, may be made on 
panels while they are in the compart- 
ment after they have been cooled. The 
circulating fan should, of course, be cut 
off at all times while the lid is removed. 
By opening from the top and employing 
CO, as the cooling gas, relatively little 
heat interchange is experienced during 
the short time required to make bending 
tests. 

The cabinet has also been found to be 
especially useful in the cooling of liquid 
samples. The compartment is suffi- 
ciently large to permit filtration and 
some other operations. 


Cold Checking — General Considerations: 


The thermal coetiicient of linear ex 
pansion for wood is considerably greater 
across grain than it is with the grain. 
It ranges from five times as much for 
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chestnut to twenty-three times for 
beech, with the value for maple and 
walnut at approximately seven and one- 
half times. As the coefficient of expan- 
sion for lacquer is high and more nearly 
like that of wood across the grain, rather 
than with the grain, films could be 
expected to tend to follow the wood in its 
movement across grain and thus show 
relatively little tendency to crack with 
the grain. Conversely, the lacquer 
film would tend to expand or contract to 
a greater degree than the wood in the 
direction with the grain, and thus set up 
relieving cracks perpendicular to this 
movement, which amounts to cross-grain 
checking. In practice, however, the 
failure is not so definitely and predomi- 
nantly of this type as one would like to 
expect. This is due to such interfering 
factors as lack of perfect film continuity, 
which probably favors cracking with the 
grain, and to the fact that when the 
panel is subjected to the cold the film is 
chilled—and probably thoroughly chilled 

before the wood undergoes appreciable 
cooling accompanied with its unequal 
contraction. Under these conditions 
insufficiently plasticized lacquer would, 
therefore, tend to immediate rupture 
equally in all directions, or in view of the 
above mentioned film continuity effect, 
mostly in a direction with the grain. 
On the other hand, if the film remains 
intact until the wood reaches the same 
temperature, the differentials again be- 
come operative and cross-grain failure 
is favored. Experience has shown that 
cross-grain cracking or checking can 
properly be taken as the end point. It 
may be associated with a greater or less 
amount of cracking with the grain and 
is often transverse or partially of each 
type. 

When examining a panel for cold 
checking that is checking or cracking 
not with the grain all other types of 
cracking and film imperfections can be 
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easily eliminated by the use of proper 
illumination and viewing angle. The 
observer should stand facing a dark 
background and observe the panel at an 
acute angle with the light source at his 
back. It is much easier to observe 
than to photograph because of the small 
field and long depth of focus necessary 
in a proper representation. Neither 
viewing nor lighting angles need be so 
acute if the failure has proceeded farther 
than that just necessary for visual 
detection. 

Figure 4 is a typical failure of a wood- 
finishing lacquer by cold checking which 
has been carried far enough to permit 
photographing. Figure 5 shows the 
typical varnish checking of an aged 
film under service conditions. Photo- 
graphic representation is here facilitated 
because the size and permanence of the 
cracks has permitted dark dirt to become 
imbedded and thus contrast the design 
against the light oak base. 
Typical Results: 

As typical of tests made with this 
machine the following comparisons are 
drawn between three lacquer formulas 
which were tested over walnut veneer 
panels which had been stained, coated 
with shellac, filled and sealed under 
identical schedules. The sealer in each 
case consisted of 100 parts }-sec. nitro- 
cellulose, 100 parts Teglac Z-152, 50 
parts Rezyl 387, and 20 parts each of 
_ zine stearate and dibutyl phthalate with 
_ the customary solvents. The formulas 
_of the three clear lacquers are as follows: 


Lac- Lac- Lac- 
QUER QUER QUER 
; No.1 No.2 No. 3 
(Dry) }sec. nitrocellulose. 100 100 100 
Te Z-152 (hard fri- 
able resin)........... 50 100 200 
Rezyl 387 (semi-plastic 
50 50. 50 
Dibutyl phthalate. ..... 25 20 20 
Blown castor oil......... 25 20 Mow 


Teglac Z-152 used in the above lacquer 
formulas is a rosin modified alkyd resin 
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of an extremely hard and brittle type. 
Rezyl 387 is an oil modified alkyd resin 
which is considerably softer and more 
plastic than the Teglac type. Marked 
differences in results are obtained by 
varying the propertions of these resins 
and the proportions of total resin to 
nitrocellulose and plasticizer in the 
finish. 

Lacquer No. 1 was run for 18 cycles 
and showed no failure. It can probably 
be considered as of the excessively safe 
type. 

Lacquer No. 2 showed very slight 
failure at the ninth cycle and is of the 
intermediate type. 

Lacquer No. 3 showed definite failure 
on the first cycle and, therefore, is too 
brittle to meet very rigorous require- 
ments of the cold check test. 

Some laboratories have considered the 
use of solid maple panels in testing finish- 
ing lacquers because of the better uni- 
formity it is possible to obtain. Our 
results indicate too high a degree of 
perfection for such surfaces. Lacquer 
No. 2, for example, was still in good 
condition after 39 cycles on a 6 by 12 by 
}-in. maple panel. 

Glass and steel have also been tried 
as time-saving substitutes for wooden 
panels. Plate glass appears to have 
some possibilities, but the work is not 
sufficiently far along to warrant its 
recommendation. 

In conclusion, it is hoped that this 
paper will stimulate discussion of the 
factors entering into the testing of 
finishes for their resistance to cold 
checking. 
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A LABORATORY CHANNEL TEST FOR GEAR OILS 


By J. P. Stewart! 


SYNOPSIS 


One very important characteristic of a gear lubricant is the channeling 
temperature, yet no laboratory test is available for its evaluation. The pour 
point has been used by some for this purpose and a number of special tests 
have been suggested, yet industry at large has had to depend upon service 
experience or upon tests in full-size axles. 

The first prerequisite of a laboratory channel test is correlation with oil 7 

_ performance in axles. Therefore, axle channel tests at low temperatures 
formed the first step in the development of such a test. In the axle tests the 
channeling temperature was taken as that temperature at which 40 per cent of 
the oil was in circulation after 10 min. of axle operation. 

Channeling was found to be most severe at the lower speeds and most of the 
work was done at an axle speed equivalent to 20 m.p.h. car speed. It was 
found also that the temperature reached during operation had a profound 
effect upon distribution after rechilling, due to an air-oil emulsion which per- 
sisted during the rechilling period. Under such conditions channel tem- | 
peratures varied between 20 deg. Fahr. below and 20 deg. Fahr. above the 
A.S.T.M. pour point. 

On the basis of these axle data a laboratory test was developed which gave 
reasonable correlation with the observed performance of the oils in the full- 
size axles. The test employs standard A.S.T.M. pour-point equipment with . 
the addition of a special stirring apparatus which reproduces the aerating 
action of the rotating axle gears. While the procedure is somewhat more 
elaborate than the regular A.S.T.M. pour-point determination, it is not 
difficult of execution and is as reproducible as that test. It would appear ; 
that the method has been developed to the point where it can be given con- 

_ sideration by the A.S.T.M. as a tentative channel point test. _ 


The Society of Automotive Engineers’ not function properly because it becomes 
handbook under “Recommended Prac- ‘‘too thick’; all of us have been con- 
tice” for gear oils carries only two speci- fronted with the question of the mini- 
fications: one, viscosity; two, the mum temperature at which a gear 
notation “Must not channel in service at lubricant can be used before failure of 
deg. Fahr.,” followed by specific tem-  Jubrication results from channeling. 
peratures for the several grades. Even Yet in the face of this generally acknowl- 
the layman knows that below some — edged need, no laboratory test is specified 
nebulous temperature a lubricant will or available by which the channeling 


point of a lubricant can be determined. 
‘Research and Division, Socony-Vac- 


uum Oil Co., Inc., Paulsboro, N 


One obvious way to evaluate this 
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characteristic is to test the lubricant in 
an axle, but this, at best, is a clumsy and 
time-consuming undertaking and if a 
cold room is not available even that 
method is denied us. Efforts have been 
made to use the A.S.T.M. pour point® 
of the oil to supply this information, 
even though experience has shown that 
this test does not give a true indication 
of the temperature at which channeling 
can be anticipated in service. Other 
tests have been suggested but none seems 


- if) 
lic. 1.—D 


to have stood the test of time, at least 
there are none apparently correlated 
sufficiently with actual performance data 
to warrant unqualified acceptance. It 
was because of this need that the develop- 
ment of a simple reliable laboratory test 
was undertaken. 

Since the first prerequisite of a test 
of this nature is that it be based upon and 
correlated with actual performance of 


2Standard Method of Vest for Cloud and Pour Point 
aa: ~ 34), 1936 Book of A.S.T.M. Standards, Part II, 
p. 853. 
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oils in axles the work was started with 
tests in two axles in a low-temperature 
room with a third axle added later. The 
test oils, Table II, wese quite varied as 
to source, pour point, and viscosity and 
represented the range of oils usually used 
in axle lubrication. 

Axles were employed rather than 
transmissions because experience has 
shown that channeling will occur at a 
higher temperature in the former than 
in the latter. The obvious explanation 


Housing Showing Method of Installing T] Circulation 
of the Oil. 


of this is the greater number of gears in 
the transmission and their relatively 
small separation which produces a 
greater degree of oil churning in that 
unit than in the axle. 

One of the chief drawbacks with oil- 
distribution studies in axles lies in the 
fact that the observer can see only the 
surface of the lubricant regardless of 
the number of peepholes provided in the 
housing. Such observations do not pre 
duce very satisfactory test data. 

X-ray spectacles seemed to be de- 
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manded. However, while it was im- 
possible actually to see movement below 
the surface, temperature changes which 
accompany such movements could be 
observed by judicially placed thermo- 
couples. For very rapid movement at 
low temperatures the rise in temperature 
can be as rapid as 35 deg. Fahr. a 
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small so that the couples would not inter- 
fere with the movement of the lubricant. 
An additional thermocouple placed in 
the pinion housing at the forward pinion 
bearing and a small drain plug placed 
in the same general location provided a 
means of determining the inception of 
oil supply to that bearing. 


, minute. Accordingly, thirteen thermo- In addition to these subterraneous 
; couples were placed in an axle housing indications of oil movement the usual 
A B “ 
2 
50 T 77 5 
£10 | 
4:5: | | 4] 
@ | | 4 78 
- 
250 |__| 789 4 | 
| 9 | 10 
70 
l2 
| | 
0 5 10 15 20025 0 5 100 15 20 25 0 5 0 15 20 25 © 
Operation, min. 
lic. 2.~ Graphic Log of Temperature Gradients of Axle Thermocouples. 


Marked break in temperature gradient indicates oil movement at thermocouple location. Thermocouples numberee 


correspond with locations indicated in Fig. 3. 


Conditions of Test: 


ad (A) Circulation at 50 F. with 70 F. prechilling temperature. 
Circulation at 30 with 123 brechilling temperature 
ely 
4 at different depths in the vertical planeof “peepholes’”” were placed in the axle 
hat the axle shafts, as illustrated in Fig.1. housing above the oil level, through 
The specific locations are indicated in which the observer could obtain a clear 
oil. Fig. 3. The thermocouples were made view of surface effects within the axle. 
the of No. 24 B. & S. gage wire and were The axle was mounted in a cold room 
the bound to piano wire standards with and driven by a dynamometer outside 
ol thread; the standards were mounted into the room. Axle temperature control was 
the fittings which were screwed through the — effected by the cold room air tempera- 
pre hottom of the axle housing. The bulk ture with a natural rate of cooling (not 
of the couples and standards was kept accelerated by a blower). This nat- 
de- 
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urally prolonged the work to some ex- 
tent but its advantage lies in the 
reproduction of the chilling rate experi- 
enced in actual service, an important 
feature when dealing with certain types 
of oils. 


higher axle speeds. Thus the data ob- 
tained under the lower speed condition 
apply not only to those cars which are 
operated mainly at the lower speeds but 
to practically all cars during the winter 
season. 


AxLE Test PROCEDURE 


Previous experience plus a number of 
trial runs indicated that the most severe 
channeling occurred at the lower speeds. 
For that reason 1000 r.p.m. pinion speed 
(20 m.p.h. car speed) was selected for 
this work. The more severe channeling 
at this speed is doubly significant since 
it was found that a condition of channel 
can be set up which persists even at 


Fic. 3. -Axle Circulation Contour Curves Plotted from Graphic Log of Fig. a 


Figures denote time intervals and percentage of oil in circulation. ‘Thermocouple identifying numbers indicated in (A). 


The actual test procedure was rather 
simple. The thoroughly cleaned and 
dried axle was charged with a test 
lubricant to the normal filling level and 
operated upon a prechilling and dis- 
tribution run to a predetermined oil 
temperature, after which the room and 
axle were chilled to the test temperature, 
the first run on each oil being made at 
the pour point. Upon subsequent tests 
with the same charge of oil, the pre- 
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chilling run was a prolongation of the 
test run, which was continued until the 
oil had reached the selected tempera- 


100 


possible (23 min. for a complete cycle). 
Continuous observation was also made 
through the peepholes in the axle 


— — 


ool — | 


| 


0 70 80 90 


Prechilling Temperature, deg. Fahr. 


Fic. 4.—Circulation in 10 min. at 50 F. Oil Temperature with Several Prechilling Temperatures 
(Lubricant H). 
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Fic. 5.— Circulation in 10 min. at Several Oil Temperatures with High and Low Prechilling — 
Temperatures. 


ture, external heat being used if neces- 
sary. The prechilling run was repeated 
before each low-temperature run. From 
the inception of each channeling run, 
the temperatures registered by the 14 
thermocouples were read as rapidly as 


housing, of the circulation of the oil to 
the different axle parts. 

The temperature data so obtained 
were placed in graphic log form and the 
time interval observed at which the 
temperature gradient for each thermo- 
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couple showed a distinct change. This 
break in temperature gradient was taken 
as an indication of oil movement, that is 
the establishment of circulation at that 
point. Specimen graphic log sheets are 
illustrated in Fig. 2 showing, respec- 
tively, distinct channel, insufficient dis- 
tribution, and essentially immediate 100 
cent distribution. 

From the above data, boundary cir- 
culation contours were drawn on a 
_ vertical section through the axle showing 
the cross-sectional area of the oil in 
motion after stated time intervals. Fig- 
ure 3 shows such plots taken from the 
data of Fig. 2. The percentage of oil 
in circulation at any given time interval 
_ was indicated by the relative areas of 


TABLE Orr CIRCULATION IN AXLE WITH 
ALTERNATING HIGH AND LOW PRECHILLING 
TEMPERATURES. 


Lubricant H. 


Test Tem- PRECHILLING CIRCULATION CIRCULATION 
PERATURE, ‘TEMPERATURE, IN 4 MIN., IN 10 MIN., 
pec, Faure, DEG. Faure. PER CENT PER CENT 
30 175 85 100 
70 1 1 
175 85 
70 1 2 
49 175 89 


the total oil body and that within the 
_ boundary circulation contour for that 
time interval, as measured by a plan- 
imeter. By making a number of test 
runs at different temperatures, curves 
can be drawn which show the percentage 
of circulation at any temperature for 
any given time interval for that par- 


ticular oil. 


Relatively early in the test work it 
was found that the oil temperature 
_ reached during the prechilling run had a 
“Charncte effect upon the distribution 


AERATION 


characteristics of certain of the oils after 


chilling. With other oils, changes in 


prechilling temperatures from 50 F. to 
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175 F. had no effect. Figures 2 and 3 
show the difference in distribution char 
acteristics of one oil (lubricant H) at 
50 F. after prechilling temperatures of 
70, 100, and 125 F., respectively. The 
same data amplified by other tests on 
this same oil are given in Figs. 4 and 5; 
they show the profound effect of the 
temperature of the oil at the time axle 
rotation is stopped and chilling is begun. 
With this particular oil, having an 
A.S.T.M. pour point of 30 F.,67 per cent 
circulation was set up in 10 min. at 20 F. 
with a prechilling temperature of 175 F. 
while less than 5 per cent circulation 
was set up in 10 min. at 50F. with a 
prechilling temperature of 70F. The 
positiveness of this action is illustrated 
in Table I which is a record of consecu- 
tive runs on the same lubricant with 
alternate prechilling temperatures of 
70 and 175 F. 

Only data from one oil have been used 
in this presentation since it is manifestly 
impossible to present all of the many 
records taken; moreover, the additional 
data simply would be variations of the 
same picture. 

The phenomenon is not simply a wax 
structure effect as was at first thought. 
Carrying the axle through the same tem- 
perature cycle by means of external 
heating and chilling without rotation 
of the gears did not produce the change 
in channeling temperatures that had 
been noted when the gears were in opera- 
tion. Further it cannot be due to a 
destructive churning of the wax struc- 
tures set up by the temperature changes, 
since such an effect would be the reverse 
of that observed; evidently it is an air- 
oil emulsion peculiar to certain types of 
lubricants. 

The effect of prechilling temperature 
is a condition that any bench channel 
test must reproduce. Its importance 
can hardly be questioned, for one need 
only visualize the winter use to which 
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his own family car is put, with its many 
short trips in which the temperature of 
the oil frequently will not rise above 70 
or 80 F. during cold weather. It takes 
on added significance when it is realized 
that prolonged axle operation, even at 
rotative speeds up to 3000 r.p.m. did 
not provide additional distribution after 
the aerated condition had once been set 
up. Thus, unless this phenomenon is 
taken into consideration in establishing 
a safe channel temperature, one short 
trip may set up a condition which will 
result in a destructive lack of lubrica- 
tion at open-road speeds, a_ serious 
condition with our present highly loaded, 
sensitive axle gears. 

At this point a criticism of the test 
procedure might be raised since the test 
oil was originally chilled to or below its 
pour point even though the safe chan- 
neling temperature was found to be 
considerably above the pour point. If 
the oil had not been chilled below some 
intermediate point, a lower channel 
temperature might have resulted. To 
remove this uncertainty, channel tests 
were repeated with two of the oils 
showing this phenomenon, the test pro- 
cedure being changed only in that the 
temperature of the oil was not reduced 
below the previously determined channel 
point. The distribution results were 
substantially identical with those ob- 
tained with the lower chilling tem- 
perature. 

Obviously, in a study of this kind, it 
would have been unwise to depend upon 
the performance of the oil in one axle 
only. Two were, therefore, included in 
the original program, a spiral bevel 
axle and one of the smaller worm axles. 
It was thought that the flatter contour 
of the worm axle housing might present 
a more the 
Sul 
prisingly, this was not the case, due in 
large measure to the greater churning 


serious channeling than 


teeper sided bevel gear housing 
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action of the broad worm wheel. ‘The 
channeling temperatures in the worm 
axle were actually lower, by from 6 to 
14 deg. Fahr. than in the bevel gear 
axle. Later a third axle, a large hypoid 
unit, was included in the test work, when 
channeling information was required on 
certain experimental oils before a satis- 
factory bench test had been developed. 
CIRCULATION Limits 
Naturally some definite degree of cir- 
culation had to be set up as a minimum. 
For the purpose of this work 40 per cent 
of the oil in movement after ten minutes 
of axle operation was taken as minimum 
satisfactory circulation, and the tem- 
perature at which this degree of circula- 
tion occurred was takenas the channel 
temperature of the oil. This selection 
seems logical, for in all three axles the 
oil splash to the differential carrier 
bearings began with about 40 per cent of 
the oilin movement. Further, with this 
rate of circulation increase, the initial 
supply of oil to the gear mesh was ade- 
quate and the oil reached the front 
pinion bearing within 2 to 4 min. A 
rate of circulation build up of much 
less than 20 per cent of the oil in motion 
after 10 min. is dangerous for then there 
is a marked tendency for the oil picked 
up by the ring gear to pile up upon the 
undisturbed oil during runs of short 
duration, 5 min., leaving a decided chan- 
nel at the gear. When this occurs on 
several successive runs a complete cessa- 
tion of circulation results. Actually the 
widest difference in temperature between 
20 per cent and 40 per cent circulation in 
10 min. was 6 deg. Fahr. 
sENCH TESTS 


CHANNEL POIN1 


In setting up the axle channeling 
temperatures to be used as the basis 
lor the development of a bench channel 
test, the results obtained with the worm 


axle were disregarded. It was felt that 
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the more serious condition presented by 
the bevel gear axle should be the one 
considered. The channel temperatures 
in Table II are those obtained upon the 
two bevel gear axles. 

A number of different types of bench 
tests were tried before the present 
method was developed. ‘These included 
a so-called flat pan test, a “U” tube 
test utilizing the British Air Ministry 


II. 
| Saybolt Uni- A.S.T.M. | Axle Channel 
versal Pour Point, Temperature, 
Viscosity, sec.| deg. Fahr. deg. Fahr. | 
Lubri- | "| 
Jesigna- 
tion Yo Le 
Bs 
21.3 | 400 | 73.2) -s| -s|-16 |-19 
| | 
30.6 | 49.8 +20 412 |411 
96.6) —5 | |-13 
652 | 122 | +5 | 
E........| 18.2 |1389 | 169 | 415 | 415 |+12 | 47 
28.7 | 134 | 50 | +30 |+19 | +18 
22.1 | 905 | 137 | +6 | +35 |+65 |+61 
| | 
25.5 | 755 | 140 | +30 | +25 |s8+ 
23 [1483 | 204 | +10 | +10 |+15 | +13 
2318 | 309 | +25 | +25 |+38 | +35 
1618 | 216 | +55 | +30 |+63 |+58 
386 | 92 | +5| +5 |+32 
408 | 88.5) —15| -15| +8 | +2 
635 | 118 | | -20|-29 |-31 


cold test apparatus and the ball test 
as suggested by Mr. E.F. Bittner.* None 
of these tests appeared to hold much 
promise even when the aeration phe- 
nomenon was disregarded and provision 
for aeration of the oil appeared so 
difficult that the work with them was 
discontinued. However, it was noted 
that in general the A.S.T.M. pour test? 


gave a directional, although not an 

3E. F. Bittner, “A Method of Testing Low Pressure 
Characteristics of Oils and Greases,” National Petroleum 
News, Vol, XXIV, No. 42, p. 31. 
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IDENTIFICATION OF TEST OILS AND A COMPARISON OF THEIR AXLE AND BENCH TEST 
CHANNEL TEMPERATURE. 


actual, agreement with the axle when 
aeration was not present; further the 
apparatus employed in this test was 
such as to lend itself to an aeration 
operation. Pour-point equipment, 
moreover, had the decided advantage 
of being universally available. The 
work was, therefore, directed along that 
line and what we feel to be a satisfactory 
test was finally developed. 


| $4 
| 
vz Base Characteristic 
BS | 
| 
—20 | Naphthenic Low pour, medium low vis- 
cosity 
| +15 | Paraffinic High pour, low viscosity 
—10 | Naphthenic Low pour, intermediate vis- 
cosity 
+5 | Paraffinic Low pour, high viscosity 
+10 | Blend Paraf- | High pour, high viscosity 
finic and 
Naphthenic | 
+30 | Paraffinic | High pour, low viscosity 
+65 | Mid-Conti- High pour, high viscosity 
nent 
+55 | Paraffinic High pour, high viscosity 
} +15 | Mid-Conti- High pour, high viscosity | 
| nent 
+40 | Paraffinic High pour, high viscosity 
+65 | Paraffinic High pour, high viscosity 
+30 | Blend Paraf- | Low pour, intermediate vis- 
finic and cosity 
Mid-Conti- 
nent 
+10 | Blend Paraf- | Low pour, intermediate vis- 
finic and|_ cosity 
Naphthenic 
—30 | Synthetic | Low pour, high viscosity ; 


The test is simply an elaboration of 
the standard A.S.T.M. pour test,? incor- 
porating an aeration operation to repro- l 


duce the condition observed in the 
axles. é 

The equipment for the channel point V 
test embraces the regular A.S.T.M. pour I 


test bath, pour point test jar and ther- 
mometer, and in addition a stirring appa- d 
ratus, a special stirrer with tempera- 
ture control bath and a horizontal single 
cell constant-temperature bath. 
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In carrying out the test the oil is by the axle work as the critical pre- 
charged to the test jars following the chilling temperature. 
A.S.T.M. pour-point procedure, with At the end of the stirring period, the 
the exception that the special stirrer is special stirrer is replaced by the standard 
placed in the jar instead of the thermo- A.S.T.M. pour-test thermometer and 
meter. The oil is then preheated to the sample jar placed in the A.S.T.M. 
115 F. and chilled to its pour point as_ pour-test bath at —30F. From this 
prescribed by the A.S.T.M. pour-test point the test again follows the A.S.T.M. 
procedure. Since the pour point of the pour-point test procedure until the 
oil will not be known, as a rule, and to _ solid point is reached, with the exception 
provide the standard cooling rate, a that the final interval for no movement 
companion sample in a second test jar is increased to 1 min. If no movement 
is simultaneously chilled for a standard of the oil in the sample jar is observed 
A.S.T.M. pour-point determination. during this 1-min. period, the channel 
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I'1G. 6.--Horizontal Constant-Temperature Bath to Maintain Constant Sample ‘Temperature 
During 1-min. Observation Period. 


The latter sample acts as a monitor for temperature is taken at 5 deg. Fahr. 
changing the channel-point sample from above the temperature of the oil. 
one cooling bath to another as the oil Due to the fact that the oil tempera- 
temperature is lowered. ture will rise when holding the jar in a 
When the channel-point sample has _ horizontal position at room temperature 
reached the pour-point temperature as for a period of much over 10sec.,aspecial 
indicated by the monitor sample, the low-temperature horizontal bath is used 
test jar is removed from the cooling bath to maintain the oil at the test temper- 
and placed in the stirring apparatus, ature during the 1-min. observation 
where air is whipped into the oil for a period. The bath contains a jacket 
period of 20 min. During the stirring similar in size to that specified for the 
operation the water bath surrounding the A.S.T.M. low-temperature bath but is 
oil sample bottle is maintained at 55 F. mounted in a horizontal position, Fig. 6. 
to prevent the oil temperature from The form of the stirrer is quite critical. 
exceeding 70F. The temperature of A number of stirrers of different designs 
70 F. was selected since it was indicated were tried before one was found which 
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rave sufficient agitation to provide the 
same degree of aeration obtained in the 
axle. This is the stirrer illustrated in 
Fig. 7. Other than for the stirrer itself, 
the design of the stirring apparatus is not 
critical, except that the electric motor 
ve sufficiently powerful to maintain its 
speed with the heavier lubricants at low 
temperatures. In the equipment which 
we employ the motor is a }-hp., 1800- 
r.p.m., single-phase unit. The motor 
mounting, test-jar clamp, etc., are shown 
in Fig. &. 

A detailed description of the apparatus 
and method is given in the appendix. 


CORRELATION 


In Table I are given the pour points 
and channel points of the test oils as 
determined by the axle tests and the 


channel-point test. The same informa- 


APPENDIX 


PROPOSED 


1. The channel point of a gear lubricant 
is the lowest temperature at which the oil 
will flow when it is chilled without dis 
turbance after aeration under definite 
prescribed conditions. 


APPARATUS 


2. The test jar shall conform to the 
requirements of A.S.T.M. Standard Method 


of ‘Test for Cloud Pour Points 
(1) 97 -34).4 

3. The thermometer shall conform to 
the requirements of A.S.T.M. Method 


1) 97. 

4. The cork shall have a central bore 
} in. in diameter for a distance of 3 in. from 
top of cork, balance to be ? in. in diameter. 

5. The jacket shall conform to the 
requirements of A.S.T.M. Method D 97. 

6. A disk cork or felt } in. thick and of 


4 1936 Book of A.S.T.M. Standards, Part IT, p. 853 
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tion is presented in curve form in Fig. 9, 
the latter providing the correlation pic- 
ture at a glance. The variation of the 
channel point test temperatures from 
those determined in the axle were within 
5 deg. Fahr. for twelve of the fourteen 
oils tested. The two exceptions were 
7 deg. Fahr.‘outside this range but the 
error in both cases is such that the oils 
would not be selected for temperatures 
below that at which they would function 
successfully. Further, one of these oils 
was too light to be classed as a gear oil. 

We believe that this degree of cor- 
relation is commercially satisfactory ; it is 
superior to that of the conventional pour 
point or to channel temperatures as 
determined by other methods which we 
have tried, and we recommend the 
method as a means for determining this 
previously all-too-elusive oil 
teristic, 


charac- 


FOR CHANNEL 


the same diameter as 
jacket will be required. 

7. The ring gasket shall conform to the 
requirements of A.S.T.M. Method D 97, 

%. The cooling bath shall conform to the 
requirements of A.S.T.M. Method D 97. 
For determination of channel points below 
50 F., two or more baths should be at hand. 
The required bath temperatures may be 
maintained by 


the 


the inside of 


refrigeration if available, 
otherwise by suitable freezing mixtures. 
9. A horizontal bath the same 


jacket as described in item 5 shall be pro- 


with 


vided to maintain oil temperature during 
flow observation (see Fig. 6). 

10. The double 
propeller attached to a }-in. rod 9 in. long 


stirrer consists of a 
and shall conform to the dimensions given 
in Fig. 7. 

11. }-hp., 1800-+.p.m. motor with 
suitable stand, base, and clamp shall be 


_= 


— 
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provided to drive the stirrer, as illustrated 
‘in Fig. 8. 


METHOD 


12. Pour the oil into two test jars to a 
height of not less than 2 in. nor more than 
24 in. One test jar shall then be tightly 
corked, carrying the thermometer in a 
vertical position in the center of the jar, 
with the thermometer bulb immersed so 
that the beginning of the capillary shall be 
1 in. below the surface of the oil. The other 
test jar shall be tightly corked, this cork 
carrying the stirring rod immersed in the oil 
in a vertical position such that the bottom 
vanes of the stirring rod rest on the bottom 
of the jar. The top vanes of the stirring 
rod will then be approximately } in. below 
the surface of the oil. 

‘The two samples are then heated without 
stirring to a temperature of 115 F. in a bath 
maintained at a temperature not greater 
than 118 F. The oil shall then be cooled 
to 90 F. in air or in a water bath, approxi- 
mately 77 F. in temperature. Oils on which 
a pour point below —30F. is expected 
shall be heated as above with the high- 
pour-test thermometer in position, cooled 
to 60 F. and the low-pour-test thermometer 
placed in position and the assembly placed 


in the cooling jacket. 


The two test jars are then inserted in the 
jacket which is surrounded with a liquid 
at a temperature of 30 to 35 F. Not more 
than 1 in. of the jacket shall project out of 
_ the cooling medium. 

; Beginning at a temperature of 20 deg. 
Fahr. above the expected pour point, at 
each thermometer reading which is a 
multiple of 5 deg. Fahr., the test jar con- 
taining the thermometer shall be removed 
carefully from the jacket and shall be tilted 
just enough to ascertain whether there is a 
movement of the oil in the test jar. The 
- complete operation of removal and replace- 
ment shall not require more than 3 sec. 
The sample jar containing the stirrer is not 
_ removed from the jacket when inspecting 
the oil for movement. If the oil has not 
ceased to flow when its temperature has 
reached 50 F. both test jars are placed in a 
second bath maintained at 0 to 5F. If 
the oil has not ceased to flow when the 
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temperature has reached 20F. both test 
jars are removed toa bath at —30to —25 F. 
At —10F. should the oil still be flowing 
both test jars are inserted in a bath at 
—60F. At no time shall the cold test jar 
be placed directly in the cooling medium. 
As soon as the oil in the one test jar does not 
flow when the jar is tilted, the test jar shall 
be held in a horizontal position for exactly 
5 sec. as noted by a stop watch or other 
accurate timing device and observed care- 
fully. If the oil shows any movement in 
the test jar under these conditions, the test 
jar shall be immediately replaced in the 
jacket and a test for flow repeated at the 
next temperature 5 deg. Fahr. lower. 

The test shall be continued in this manner 
until a point is reached at which the oil in 
the test jar shows no movement when the 
test jar is held in a horizontal position for 
5 sec. During the above inspections the 
test jar containing the stirrer has not been 
disturbed with the exception of transferring 
the jar from one bath to another. As the 
oil in this jar has been subjected to the same 
temperature conditions as that in the jar 
on which the pour was determined, it is 
reasonable to assume the oil temperatures 
are the same. The purpose of using two 
test jars is to prevent condensation from 
forming on the surface of the oil in the test 
jar, thereby giving erroneous results, should 
the thermometer and stopper be removed 
for the insertion of the stirring rod. 

: 13. The second test jar which is now at 
the cold point of the oil and which contains 
the stirring rod is removed from the low- 
temperature bath and placed in the stirring 
bath at 55 F. The stirrer stem is inserted 
in the coupling attached to the stirring 
motor. ‘The test jar is clamped in a position 
such that the bottom vanes of the stirring 
rod are approximately 4 in. above the bot- 
tom of the jar. The top vanes, being 13 in. 
above the bottom vanes, are about } in. 
below the surface of the oil. ‘The motor is 
started and run for a period of 20 min., 
the stirring bath temperature being held 
at 55F. As the oil becomes aerated, in 
light-colored oils a very definite yellow 
air-oil emulsion is in evidence. On the 
black oils the air-oil emulsion does not 
change the color of the oil, but very small air 


j 


a 


bubbles cause the oil to foam. During the 
20 min. of stirring the oil temperature shall 
not rise above 70F. (bath temperature 
should be lowered if necessary). The test 
jar is now removed from the stirring ap: 
paratus, stirring rod removed and the pour 
test thermometer carrying the test-jar cork 
inserted in the jar. 

14. The test jar is now replaced in the 
30 F. cooling bath. The standard cooling 
procedure of Section 10 of Method D 974 
is followed down to the cold point of the 
aerated oil, except that the final flow 
observation shall be made over a period of 
1 min. During this observation the test 
jar is placed in the horizontal bath, which 
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should be held at cold-point temperature, 
to prevent warming of the oil by atmos- 
pheric heat. Inspection for flow will be 
made at 30 sec. and exactly 60 sec. Should 
movement of the oil be noted at either the 
30-sec. or 1-min. point, the test jar shall be 
immediately replaced in its correct low- 
temperature bath and chilled another 5 
deg. Fahr. This procedure shall be fol- 
lowed until no motion is noted during the 
1-min. period the test jar is in the horizontal 
bath. The reading of the test thermometer 
at this temperature, corrected for error if 
necessary, shall be recorded. The channel 
point shall be taken as the temperature 
5 deg. Fahr. above this solid point. 
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DISCUSSION 


Mr. Frank Gorrtscu.'—-I should like 
to ask Mr. Stewart whether this method 
7 would be of any use in examining greases 
for gear cases. We have had a lot of 
trouble in the winter with all the appa- 
‘ratus that is used to clean the streets. 
_ This has to be maintained in spite of cold 
weather, and sometimes the gear boxes 
_ are not tight, especially the transmission 
gear boxes, and we must use a grease, 
rather than an oil as recommended. 
Tt is very important that channeling 
should not take place. We were forced 
to devise a method of our own so that 
this could be measured. The method 
_was a modification of the A.S.T.M. pour 
--paint method on a large scale, that is, 
without aeration, and we succeeded in 
finding a certain size of brass tube that 
would fit inside of another certain size 
of copper pipe so that one could be 
slipped off the other. We filled up the 
‘inner tube with the grease and chilled it 
in an apparatus equipped with a cooling 
bath. We had a large vessel wherein 
we could lift up the pipe and measure 
the amount of flow of the grease down 
from the top by filling up the space 
thus formed with pre-cooled kerosine. 
We call this a “cold flow” method. It 
was devised to imitate the A.S.T.M. 
; pour point method; also to make some 
~measure of the amount of flow. This 
was done by holding the cooling bath 
between zero and 5 F., and having a 
thermometer centrally located in the 
midst of the grease 2 in. from the bot- 


1 Supervising Chemist, New York City Central Testing 
Laboratory, New York City. 


tom; when the thermometer in the 
grease reached 20 F. we lifted the tube 
up and observed the amount of flow in 


3 min. Whether this would be of any 
use to us now in view of your observa- 
tions about aeration is the question. 
We should like to know whether we 
would have to aerate the grease before 
we made this large-size pour-point test 
on a transmission grease. 

Mr. J. P. Stewart.2—I should like 
to be able to answer Mr. Gottsch’s 
question specifically but I cannot. We 
have not tried this test with grease. 

In an axle even at normal tempera- 
tures (70 to 80 F.) it takes a long time 
for most greases to reach 40 per cent 
or even 20 per cent circulation. One 
must expect rather limited circulation 
with a grease. However, this limit cir- 
culation will persist through quite a 
temperature range, in which respect 
grease differs from a fluid lubricant. 
For this reason we do not believe the 


-channel test as described in the paper 


can be applied directly to greases. 

Whether aeration affects the distribu- 
tion of a grease we are not in a position 
to say since greases were not included 
in the test work. It would seem that a 
process analogous to the aeration phase 
of the test should be included in a grease 
test, however, to give the product the 
worked consistency which it will reach 
in the axle and which will modify its 
distribution characteristic over that of 
an unworked sample. 


2 Research and Development Division, Socony-Vacuum 


Oil Co., Inc., Paulsboro, N. J 
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THE DESIGN OF ASPHALT MIXTURES FOR UNDERWATER 
CONSTRUCTION 


By RossirER M. McCrone,! F. C. 


SYNOPSIS 


The paper sets forth the progress made in developing asphalt mixtures for 


mass construction above and below the water line with especial reference to 
jetty work in the United States. The work so far performed has demon- 
strated it to be practicable technically and economically to design mixtures 
of asphalt and local materials which, when properly placed and compacted, 
will congeal into a dense homogeneous concreted mass of adequate stability 
and toughness, highly resistant to water, and hence to attack by wave action. 

Underwater construction presupposes conditions completely dissimilar to 
those encountered in asphalt pavement work and the paper attempts to show 
the purpose of the structures for which asphalt mixtures for underwater place- 
ment have been devised. Composition of mixtures materially different from 
those used for pavements is indicated. ‘They should be mixed and placed at 
relatively high temperatures (450 F.) but the completed structure probably 
will meet a narrow range of temperature, probably 32 to 80 F. Impact as 
conceived in pavement design is not a factor. Mixing, handling, placing, 
and compacting asphalt mixtures in great masses under conditions met with 
in underwater construction involve new methods and equipment not yet fully 


developed. 


INTRODUCTION 


Nature has provided numerous natural 
harbors with stable entrance channels 
which require no artificial protection 
such as those which serve Boston, New 
York, Philadelphia, Baltimore, San 
Francisco, and Seattle. There are, how- 
ever, many terminal ports throughout the 
world where artificial harbors have been 
created by breakwater construction, or 
where natural, or dredged, entrance 
channels are protected by jetties. Im- 
portant artificial harbors include those 
at Los Angeles, Valparaiso, Pernambuco, 
Dover, Marseilles, Algiers, Naples, Bari, 
Alexandria, and Port Said. American 


Civil Engineer, U. S. Division Engineer Office, New 
leans, La. 
2 Chemist, The Asphalt Inst., New York City. 
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harbor entrance channels protected by 
jetties include, among others, Ocean 
City, Md.; St. Johns River, Miami and 
St. Andrews Bay, Fla.; the Mississippi 
River Passes; Sabine Pass, Galveston 
Harbor, Aransas Pass and Brazos Island 
Pass, Tex.; Humbolt Bay, Calif., and 
Columbia River and Umpqua River, 
Ore. 

Generally speaking, breakwaters or 
jetties in shallow depths, less than 40 ft., 
are constructed as rubble mounds with 
or without fascine or rubble mattresses to 
stabilize the foundation. The accepted 
practice has been to sink a foundation 
mattress and place thereof a core of 
rocks weighing 15 lb. to 2 tons and 
encase this core with cap and slope 


be 
in 
ny : 
| 
‘ 


stones weighing more than 6 tons. For 
Gulf Coast jetties it has been customary 
to require that cap and cover stones be 
placed and bedded individually to pro- 
duce a section 10 to 15 ft. wide at eleva- 
tion + 6 ft. with side slopes of two 
vertical on three horizontal. Jetties on 
the Atlantic and Pacific coasts of the 
United States have been built similarly 
but on these works the cap and slope 
stones generally are placed on the 
shoulders to seat themselves by the 
combined forces of gravity and wave 
action. 

Jetties restricting the width of an 
entrance channel should facilitate main- 
tenance of channel dimensions by tidal 
flow, protect the channel from degrada- 
tion by cross channel wave action, and 
prevent passage of sand carried along- 
shore by littoral currents from entering 
the jettied channel. The advantages of 
the loose rubble mound section are that 
it may be adapted to any site regardless 
of foundation conditions as settlement or 
loss of any section does not affect the 
rest of the structure and repairs are com- 
paratively easy to make. The disad- 
vantages are that it only partially con- 
fines the tidal flow, permits the passage 
_ of sand through the jetty into the jettied 
channel, and requires continuing ordi- 
nary maintenance because of degrada- 
— tion of section due to ordinary seas and 
expensive reconstruction after severe 
storms. 

Obviously, it is desirable that jetties 
should be solid structures to accomplish 
their purpose. It is also desirable that 
where such structures are sited on sand 
beaches they should be built of the 
beach sand as the nearest and cheap- 
est material. Recent developments in 
the use of hot asphaltic mixtures in 
large mass indicate the feasibility of 
combining beach sand with asphalt 
cement and a suitable mineral filler to 
produce a jetty structure substantially 
monolithic. 
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Materials Available——On the Gulf 
Coast, rock suitable for jetty construc- 
tion is distant. Generally, however, the 
jetties are sited on beaches which afford 
a bountiful supply of beach sand satis- 
factory for asphalt mixtures. The sur- 
veys made to locate a suitable filler for 
asphalt mixtures for the Mississippi 
River asphalt revetment work disclosed 
the fact that loess, occurring in the 
bluffs along the river from Cairo, IIL., 
to the Louisiana state line, is a superior 
mineral filler for asphalt mixtures which 
may be moved to all Gulf Coast jetty 
sites by water. Asphalt refineries are 
located on tide water at Texas and 
Louisiana points, making it possible also 
to deliver asphalt cement to jetty sites 
by water transport. 

Initial Experiment.—The first oppor- 
tunity for exploration of the feasibility 
of using asphaltic mixtures in large 
masses above and below water for con- 
struction or repair of marine structures 
such as jetties became available in con- 
nection with capping a portion of the 
South jetty at Galveston, described 
by Wilby.* Preliminary to this work, 
analyses were made of the aggregate and 
filler materials available for producing 
asphalt mixtures as follows: 


ANALYSIS—-GALVESTON BEACH SAND—SPECIFIC 
GRAVITY, 2.634 
Retained on sieve No. 28, percent... 0.05 
Retained on sieve No. 35, percent... 0.25 
Retained on sieve No. 48, percent... 0.10 
Retained on sieve No. 80, per cent... 7.10 
Retained on sieve No. 100, percent... 39.7 
Retained on sieve No. 200, percent... 52.3 


0.5 


-MissIssipPI RIVER AND BLUFFS—SPE- 
ciric Gravity, 2.62 


LoEss 


Retained on sieve No. 200, per cent. . . 

Retained on sieve No. 325, per cent. .. 1.50 

Passing sieve No. 325, per cent. ...... . 


100.00 


3F. B. Wilby, “Rubble Jetties Made Solid with As 
phaltic Concrete,” Engineering News-Record, August 20, 
1936, p. 263. 
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The properties of the asphalts used are 
set forth in Table I. 

Design of Mixtures.—Repairs to the 
Galveston South Jetty were required 
because the structure had been flattened 
by wave action so that capstones of the 
jetty were separated by wide voids rather 
than by interstices. Obviously, it was 
desirable to design a mixture, the “seal 

ix,” to flow through and fill the voids 
above and below the water line and to 
bind the jetty stones into a compact base 
and a second mixture ‘‘cap mix” to be 
placed on the base and build up the 
structure to the specified grade. After 
extensive laboratory research had been 
made, a mix was selected as the most 
promising for penetration through voids 
between cap stones into and through 
interstices between the smaller core 
stones at and below the water line and 
a second mix was selected as the most 
promising for building up the jetty 
structure and resisting attack by wind 
and weather even when exposed to 
summer sun and winter chill. These 
mixes, proportioned by weight, were as 
follows: 

‘SEAL Mix 


Galveston beach sand.............. 
Asphalt cement 60 to 70 penetration... 22 
To be placed at a temperature of 450 F. 
+25 deg. Fahr. 
Cap MIx 
PER CENT 

Galveston beach sand...... 67 
20 
Asphalt cement 30 to 40 penetration... 13 


To be placed at a temperature of 450 F. 
+25 deg. Fahr. 


Physical Properties of the Mixes. 
Samples of the mixes were tested at the 
laboratory of the Asphalt Institute by 
the Hubbard-Field methods‘: with re- 
sults as follows: 


« Prévost Hubbard and F. C. Field, 


“A Practical 


Method of Determining the Relative Stabil ity of Fine- 
cesregate Asphalt Paving Mixtures,” ings, Am 
Soc. Testing Mats., Vol. 25, Part II, p. "335 (1925). 
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Seat Mix—Briquets Recompressep AT 200 F. 
Tamping only 60/20. 

1.930 | 100/1.887  550/|1.893 1100 
1.894 | 150 1.924) 750/1.895 1250 
1.906 | 100 1.931 650, 1.898 1200 
Avg. 1.907 116)|1.914| 650)}1 895 | 1183 


Note.—Pointer did not fall off when maximum jo 
bility was reached. 


Cap Mrx—BrIQUETS RECOMPRESSED AT 300 F. 7 
Tamping only 60/20. 


1.970 4200,1.949 | 6600) 1.967 | | 
1.991 4600,1.951  7100)1.984 | | 
1.967 4000 1.954 7200) 1.961 | + 19 
Avg. 1.976 4267 1.951 6970 1.971 | 


UNDERWATER PLACEMENT 


As noted in Wilby’s article,’ hot-mix 
asphaltic concrete was placed in deep 
water to restore breached sections at the 
outer end of the jetty. A modified 
mixture for this purpose was selected 
with a view to developing a mixture 
which would fall into the sea as a co- 
hesive mass more plastic than the cap 
mix used inshore and of stiffer con- 
sistency than the seal mix. The mix 
selected, proportioned by weight, was 
as follows: 


DEEP Water MIx 


PeR CENT 
Galveston beach sand.............. 69.0 
13.5 
Asphalt cement 30 to 40 penetration. . 17.5 


To be placed at temperature of 450 F. 
+25 deg. Fahr. 


5 Prévost Hubbard and F. C. Field, “ 
Factors Affecting the Stabilit 
tures,” Proceedings, Am. Soc. t 
II, p. 577 (1926). 
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of Heterogeneity of Asphalts,”’ Proceedings, Am. Soc. Testing Mats., Vol. 33, Part II, p. 715 (1933). 


Close to 200 tons were placed in one 
mass in a break in the jetty where the 
depth of water ranged from 8 to 16 ft. 
This mass was placed in about 2 hr. 
continuous operation with a }-yd. clam- 
shell bucket. Tests on this work are 
scheduled to be made in the early future, 
probably during the summer of 1937. 

Columbia River South Jetty.“—In Au- 
gust, 1936, a consolidation of the outer 
end of this rubble mound structure was 
undertaken. 

This is a variable of the Galveston 
offshore work. In either case the prin- 
cipal involved is the same in that heat is 


water level. The desired penetration 
to 10 ft. below low tide could not be at- 
tained with this charge. It is felt that 
larger unit charges and more rapid place- 
ment would increase the penetration 
below water and better bond would be 
developed. 

Experimental Construction of an All- 
Asphaltic Concrete Jetty Section.—As an 
extension of the experimental capping 
of the Galveston South Jetty with 
asphaltic concrete, an experiment was 
carried out in July, 1936, to show 
whether or not a jetty may be con- 
structed by the use of flexible asphalt 


TABLE I.—ASPHALT, PROPERTIES AS SPECIFIED FOR GALVESTON Work. 
Homogeneity determinations were made as outlined by G. L. Oliensis, ‘‘A Qualitative Test for Determining the Degree 


= 30 to 40 60 to 70 
Penetration Penetration 
Asphalt Asphalt Methods of Sampling and Testing 
Min. | Max Min. | Max. 
Softening Point deg. A.S.T.M. Method D 36 - 26 
Ductility at 32 at 0.25 cm. per min.......... A.S.T.M. Method D 113 - 32 T 
Ductility at 77 F. at 5.0 cm. per min.......... ai FESR a) Se A.S.T.M. Method D 113 - 32 T 
Penetration at 32 F., 200 g., 60 sec............ 10 a3 15 be ees A.S.T.M. Method D 5-25 
Penetration at 77 F., 100 g., 5 sec............. 70 =| A.S.T.M. Method D 5-25 
Flash (Cleveland open cup) deg. Fahr......... | D 92 - 24 
ansas City Testing 
2.3 | {fam Method No. 29° 
Loss on Heating, 50 g. 5 hr., 325 F., per cent...|....... 0.15. 0.5 | A.S.T.M. Method D 6-30 
Penetration of residue at 77 F., per cent....... A.S.T.M. Method D 5 - 25 


@ Ductility at 32 F. shall be 10 per cent of Penetration at 77 F. 


Kansas City Testing Laboratory, Bulletin No. 25, p. 694 (1926). 


depended upon to cause plastic flow and 
adequate bond. For this reason, the 
weight of unit charge of hot mix must be 
proportioned to the heat loss encoun- 
tered during flow. 

The skip charge of hot mix used was 
10 tons. The depth to water, varying 
with the tide, indicated a dry flow of 
17 to 26 ft. The 10-ton charge was 
broken up into numerous channels by 
the rock structure causing lateral flow 
that greatly increased the travel to 

*R. E. Hickson, “Columbia River South Jetty Ter- 


Tinos ” The Military Engineer, Vol. XXIX, No. 164, p. 135 


mats for toe protection, precast regular 
triangular prisms of asphaltic concrete 
for side slopes and hot asphalt mix for 
the main body of the jetty. It was 
specified that this section should be built 
about 30 ft. into the Gulf from the South 
Jetty at a point where the least depth of 
water during construction of the experi- 
ment was 5 ft. The asphalt mixing 
plant used for the capping work was 
made available, together with a steel oil 
barge, a small crawler crane, and trucks, 
tugs and locomotive crane as required for 
short periods. 
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Reinforced flexible asphalt mats 2 in. 
by 18 by 18 ft., of the standard type 
used for mattresses on the Mississippi 
River,’ were cast in a 6 high stack on a 
wooden floor laid on the oil barge, kraft 
paper being used to separate the mats. 
Regular triangular prisms of asphaltic 
concrete 3 ft. high and 6 ft. long, were 
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of the “cap mix” type used on the jetty 
capping work. 
Mats were cut to 9 by 18 ft. at 
the jetty, lifted from the barge and 
"swung across South Jetty by the crawler 
crane and laid on the Gulf bed to extend 
outward from the toes of the experi- 
mental section. Triangular prisms then 


Fic. 1.—Precast Asphaltic Concrete Blocks for Side Slopes in Underwater Construction. 


3 ft. high by 6 ft. long, weight 1.9 tons Galveston Jetty. 


cast in forms near the asphalt plant. 
When cooled, after 60 hr., the prisms 
were removed from the forms and stored 
in the yard until required at the jetty, 
to which they were moved by truck. 
Mats and blocks were cast of hot mix 

7 Walter C. Carey, “Development of the Asphalt 


Mattress,” The Military Engineer, Vol. XXVII, No. 156, 
November-December, 1935, p. 430. 


were placed by the crane at the inner 
edge of the mats to box in the space to 
be filled by the body of the jetty section to 
the height of the prisms, 3 ft. The box 
so formed was then filled with the hot 
mix dumped from overturning buckets. 


Prisms then were placed on the filled’ 
box to enclose a second box or lift ex- 
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Fic. 2.—Surface of Finished Structure Galveston Tetty Before Filling Cracks : 
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tending a foot above water and this box 


was filled similarly with hot mix. Mixes 
used on these underwater lifts were of 
the underwater type developed on the 
Galveston Jetty work. Dependence was 
placed on the weight of superposed mass 
for compaction. A third line of blocks 


_ was then placed to carry the side slopes 


q 


up to elevation 5 ft. sloped as necessary 
to meet the jetty crown and the space 
enclosed was filled with hot mix of the 
cap-course type. Vibrators were used 
for compaction and the surface was 


Fic. 3.— Finished Jetty Section— Runway 


Construction for Extension. 


finished with the vibrating screed. 
Shortly after completion of the experi- 
ment, cracks developed across the body 
of the section. Surveys disclosed that 
the outer edges of the flexible mats had 
turned down and were bedded in the 
sand floor and that the triangular prisms 
were in place. The cracks obviously 
were caused by contraction of the body 
of the structure as the lower uncom- 
pacted portion was consolidated by the 
superposed mass. The cracks were filled 
and did not reform. It is expected that 
cores will be taken to determine the 
internal structure of this experimental 


section. It was in good condition at the 
latest report. 

Placement.—Proper proportioning of 
suitable materials is a prime requisite in 
designing asphalt mixtures for mass 
construction above and below water, but 
a satisfactory design must provide also 
for developing proper methods of place- 
ment and for adequate compaction to 
build up a structure highly resistant to 
attack by natural forces of waves and 
weather. Such a structure should be a 
dense, homogeneous, tough mass with 
adequate stability but without excess 
rigidity. Top and side slopes must be 
especially well compacted to form water- 
proof surfaces at temperatures ranging 
from 32 to 140 F. 

It is not possible to define an ideal 
mix or ideal materials. The properties 
of mixtures suitable for mass construc- 
tion above and below water may be 
described only as disclosed by the experi- 
mental work so far performed. There 
is a reasonable range for proportioning 
materials for mixtures suitable for mass 
construction above and below water, but 
always the mixtures must be handled, 
placed and compacted at temperatures 
in excess of 400 F. 

The Galveston work indicates that 
the use of hot asphalt mixtures for 
underwater construction involves dis- 
placement of water by a series of co- 
hesive masses designed to be placed so 
that they retain sufficient internal heat 
to consolidate adjoining masses and form 
a homogeneous solid even under water. 

In capping the Galveston South Jetty, 
work was started inshore and the as- 
phalt mixture, dumped on the structure, 
was distributed and the side slopes built 
up by hand shoveling. The material 
was compacted, not very satisfactorily, 
by steam driven internal vibrators and 
the top and side slopes were finished by 
vibrating screeds and irons heated by 
the exhaust steam. After passing the 
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shore line it soon became necessary to 
do all work practically from the run- 
way over the jetty, and building and 
compacting the side slopes became in- 
creasingly difficult and the resulting 
surface became more and more unsatis- 
factory. It became evident that for 
general use of hot asphalt mixtures under 
water, a different method should be 
devised for construction of satisfactory 
side slopes. The use of precast units of 
asphaltic concrete, preferably triangular 
prisms, which may be inspected before 
placement to make certain that satis- 
factory side slopes are exposed is be- 
lieved to be the key to successful use of 
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pletely. The difficulties of operating 
vibrating tools in hot asphalt mixtures 
at temperatures ranging from 300 to 
450 F. are obvious. There are some 


' promising lines of tools but the market 


has been so small that there is little 
incentive for manufacturers to construct 
tools for such exacting service. 


DISCUSSION 


The several projects undertaken have 
indicated what may be expected as to the 
behavior of hot asphalt mixtures used for 
mass construction above or below the 
water line and has disclosed certain prin- 


ciples of design of mixtures and pre- 


Pa 


hot asphalt mixtures for underwater 
construction. It may be noted that 
when such prisms are placed to enclose 
a space which then is filled with hot 
asphalt mix in units large enough to 
convey sufficient heat, the masses will 
consolidate with each other and with 
the confining lines of prisms even under 
water. 

Compaction.—The experimental work 
at Galveston disclosed that the lower 
portions of deep masses are compacted 
by the superposed mass. The upper 
portion may be compacted by vibration 
but this essential feature of this type of 
construction has not been solved com- 


Fic. 4.—Completed Jetty. 


cautions as to placement and compaction 
which may be summarized as follows: 

Asphalt mixtures suitable for this ex- 
acting service must be designed so as: 
(a) to withstand mixing at 450 F., (6) 
to withstand, in large mass (100 tons 
minimum), storage in insulated barges 
fora minimum of 72 hr. (c) to be handled 
direct from plant by truck, skip or car, 
and from storage barge by-clam shell 
into skip. Such a mixture, when 
dumped from skips, shall fall free as a 
cohesive mass to remain intact while 
falling through air and water to its 
place of deposit, (d) to retain sufficient 


internal heat to weld adjoining units of | 


he 
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mass, and (e) to congeal as a dense mass 
when compacted by superposed loading 
or by vibration, or by both. 

The development of this use of asphalt 
mixtures so far has not disclosed a 
method for securing compacted side 
slopes for material deposited under 
water. These slopes, however, may be 
formed satisfactorily by the use of pre- 
cast units of asphaltic concrete which 
may be cast, compacted, and inspected 
on shore and placed to retain and con- 
solidate into the body of the structure. 
Preferably, these units should be regular 

triangular prisms which are essentially 
stable and which, when consolidated into 
- the structure, produce an economical 
section. 


Asphalt mixtures, used for underwater. 


construction, should have adequate sta- 


bility and maximum toughness rather 
than rigidity, within the range of water 
temperature to which they may be 
exposed. Asphalt mixtures used for 
flexible mats for toe protection or shore 
revetment, for precast prisms for side 
slopes, and for the cap portion of the 
structure should produce a surface of 
maximum density that is highly water 
resistant. 

The work so far performed has demon- 
strated the practicability of designing 
suitable mixtures of asphalt with ma- 
terials available locally for mass con- 
struction above and below the water 
line. Further development may be ex- 
pected to crystallize methods of place- 
ment and compaction and extend the 
field of construction with asphalt mix- 
tures in unconfined seawater. 
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Mr. S. L. Damon! (by letter).—As 
to jetty construction on the North 
Pacific Coast, it is no longer the practice 
to use a mattress to stabilize the founda- 
tion, as additional stone necessary to 
compensate for possible loss of bottom 
material can probably be placed at less 
cost than the mattress. Also in large 
jetties which are common to this region 
the base of the structure may be 200 ft. 
or more in width, and the placing of 
mattresses to this great width in rough 
water would involve construction diffi- 
culties. It may also be stated that sand 
movement through these large jetties 
has been found to be negligible. They 
are from 100 to 150 ft. in width at the 
water line and more at the base and with 
small stone and marine growth in the 
interior are, for practical purposes, 
sufficiently sand tight. Sand undoubt- 
edly passes through or over the rubble 
jetties of small section, and there ap- 
pears to be a good field for the use of 
asphaltic mixtures in tightening such 
structures, and to bind the stones 
together. 

The use of asphalt at the outer end 
of the large Columbia River jetty to 
prevent movement of the enrockment 
by the heavy winter seas has so far not 
proved to be successful. This jetty is 
26 ft. high above low water, and it 
appears that the asphaltic material in 
passing through the attenuated passages 
between the large stones, with cold wet 
surfaces even above low-water level was 
chilled and transformed into a brittle 


_ ' Captain, Corps of Engineers, U. S. Army; District En- 
gineer, Portland, Ore. 


SSION 


porous mass with little adhesive or 
binding qualities. The subsequent ac- 
tion of the winter seas working on the 
lower levels picked out or moved the 
unbound stone, leaving a vertical face, 
and the bound material in the upper 
portion broke down. 

It is not believed, as suggested in the 
paper, that pouring the asphaltic mix 
in larger volume per charge would have 
materially changed the results in this 
case. While the skip charges were of 
10 tons each, three were dumped in 
rapid succession, making 30 tons poured 
at a time at any point. A large part 
of the pour remained on top of the en- 
rockment for several minutes while it 
was worked into the voids, and it does 
not appear that any practical increase 
in the volume dumped at any time would 
materially affect the conditions in the 
lower levels. A total of 12,000 tons of 
mix was placed in the outer 300 ft. at the 
end of the jetty in the period August 5 
to September 11, 1936. 

Deep penetration, to the extent used 
on this job does not appear to give 
satisfactory results, but it may be possi- 
ble if the stone work were built up in 
layers, each impregnated before the next 
was placed, that sufficient bond would be 
secured. This however appears doubt- 
ful in the rough cold water of the North 
Pacific Coast. 

Messrs. RossirER M. McCrone? 
AND F. C. Fretp* (authors’ closure, by 
letter) —The work done to date indi- 


2 Civil Engineer, U. S. Division Engineer Office, New 
Orleans, La. ; 
* Chemist, The Asphalt Inst., New York City. 
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cates, it is believed, that the successful 
use of hot asphalt mix for mass construc- 
tion above, and especially below the 
water line, particularly with respect to 
existing jetties and similar marine struc- 
tures built of rubble stone on sand 
foundation, depends on proper propor- 
tioning, heating and mixing the ma- 
terials, placement of the hot mix at 
high temperatures as nearly as possible 
in its final position, and adequate 
compaction by vibration or by pressure 
of superposed masses. The considered 
opinion of the authors is that the sta- 
bility of such a structure necessarily 
involves stabilization of the foundation 
at and outward from the toes of slopes, 
construction thereon of side slopes 
adequate to withstand attack by wave 
and weather, and proper placement and 
compaction of hot mix between the side 
slopes and the core structure. It is 
believed that stability may not be ex- 
pected to result from simple impregna- 
tion or grouting of an enrockment. 
This process was tried at Reservation 
Point, Los Angeles, without success 
before it was attempted on the Columbia 
River jetty to which Captain Damon 
refers. 


With reference to the desirability of 
mattress protection under and outward 
from the toes of such structures, it is 
noted that such protection was favored by 
the Sixteenth International Navigation 
Congress at Brussels in 1935. (Refer- 
ence may be made to Conclusion IX 
(c) for the Second Question, Second 
Section, Ocean Navigation, of that 
Congress. ) 

In locations such as the North Pacific 
Coast of the United States where rock 
may be placed at low cost, it may be 
possible economically to produce jetties 
capable of withstanding the heavy seas 
by placing additional rock to permit 
the formation of a stable structure by 
action of natural forces. 

The use of asphalt mix for construc- 
tion of jetties presupposes conditions 
where such structures are required at 
locations where the foundation is sand, 
and rock is not available at low cost. 
Under this condition it is beleived that 
all possibilities should be exhausted to 
develop methods for construction of 
durable structures by the use of the sand 
on which, or in which, the structures 
must rest. 
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COMPRESSION TESTING OF ASPHALT PAVING MIXTURES—II | : 


By Roranp Vo 


SYNOPSIS 


* « 


A brief review of flow measurement indicates that asphalt mixtures are most 
likely quasi-viscous or plastic systems. 
relationship of shear stress to rate of shear, by means of which flow properties 
of materials are evaluated, leads to an analogous relationship of compressive 
stress to unit rate of volume displacement measured in the compression test. 
Data are offered which appear to satisfy the conditions of the assumed analogy. 
Methods by which flow properties can be measured in a compression test 
using either variable rates of speed in testing or various dimensions of specimen 


are suggested. 


Last year a paper was presented before 
the Society regarding our earlier experi- 
mental work on compression testing of 
asphalt paving mixtures at room tem- 
peratures.? The data offered show that 
the compression test measures physical 
characteristics such as compressive 
strength, elastic limit, modulus of elas- 
ticity, and modulus of permanent def- 
ormation (that is, resistance to flow 
after compressive strength has been 
exceeded). These characteristics are 
generally understood by the engineering 
profession and the use of a compression 
testing machine is familiar to anyone 
interested in strength of materials. 

STRESS IN ASPHALT SURFACES 

Following the preliminary work con- 

siderable attention was given to de- 


veloping a correlation between data ob- 
tained in the laboratory by means of the 


! Technical Bureau, Research Division, The Barber Co. 
Inc., Maurer, N. J. 
. Roland Vokac, “Compression Testing of Asphalt Pav- 
ing Mixtures,” Proceedings, Am. Soc. Testing Mats., Vol. 
36, Part II, p. 552 (1936). 


KAC! 


Consideration of the fundamental 


compression test and the behavior of the 
mixtures tested as observed in surfaces 
under actual field conditions. In the 
course of this study several other testing 
methods were also investigated. The 
findings are available elsewhere* and 
therefore a detailed discussion will not 
be offered here. The correlation of the 
data indicates that the compression test 
was found more sensitive to the factors 
affecting service behavior than the other 
tests used. 

We believe this to be particularly sig- 
nificant in view of the observations made 
by others with respect to resistances de- 
veloped in flexible surfaces. Housel‘ 
when discussing the structural design of 
flexible pavements has said, ‘From a re- 
view of the existing information on pres- 
sure distribution, it is concluded that 
unless a minimum thickness of mat equal 

*R. Vokac, “Correlation of Physical Characteristics 
with the Service Behavior of Asphaltic Mixtures,” Pro- 
ceedings, Technical Sessions, Assn. Asphalt Paving Tech- 
nologists, New Orleans, La., January 1937. 

4W. 5S. Housel, “Design of Flexible Surfaces,” Proceed- 


ings, Twenty-third Annual Highway Conference, University 
of Michigan, Ann Arbor, Mich., February, 17, 1937. 
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to one-quarter of the width of the con- 
tact area is used, the full surface pres- 
sure is transmitted to the sub-grade.” 
Taking Gray’s® figures, the equivalent 
diameter of the average contact area of 
tires with wheel loads varying from 2000 
to 10,000 Ib. will vary between 5.6 and 
12.0in. Paraphrasing Housel’s observa- 
tions to suit these figures it is apparent 
that with small tires, surface pressure 
will be transmitted directly to the sub- 
grade or base when the surface is not 


more than 36 = 1.4 in. in thickness. 


4 
With the larger tires the same kind of 
direct transmission of pressure will pre- 


Shearing Stress Shearing Stress 
(a) VISCOUS FLOW (b)QUASI-VISCOUS FLOW 


Rate of Shear 
Rate of Shear 


Rate of Shear 


Shearing Stress 


(c) PLASTIC FLOW 


Fic. 1.—Types of Flow. 


0 
vail in surfaces up to = 3.0 in. in 


2: 
4 
thickness. It is safe to say that with 
average tires and loads, surfaces up to 
1 in. in thickness allow direct trans- 
mission of surface pressure to the base. 
It is not surprising, therefore, that in 
our studies we have found compressive 
resistance, which represents the condi- 
tions of direct transmission of pressure, 
to give good indications of service per- 
formance in sheet asphalt paving mix- 


5B. E. Gray, “Principles of Dales of Flexible Type 
Pavements,” Proceedings, Technical Sessions, Assn. Asphalt 
Paving Technologists, anuary 1937. 


tures which are seldom laid to depths 
greater than 13 or 2 in. 


FLow In ASPHALT MIXTURES 


There is also another phase to the 
problem of the service-strength relation- 
ship of asphalt paving mixtures which 
should be developed. Those who have 
observed the performance of asphalt 
pavements over periods of years can 
recall instances of mixtures which ex- 
hibit adequate strength by any test, but 
which have gradually developed rutting 
for no apparent reason. More fre- 
quently we have all seen the condition 
where an asphaltic surface is carrying the 
heaviest kind of rapid-moving through 
traffic without sign of displacement, but 
which bears the imprint of the tires of 
any vehicle which has stood parked for a 
comparatively short time. The answer 
to the problems suggested by these con- 
ditions is unquestionably associated with 
time, or in other words, duration of 
application of stress. 

Thus, a complete understanding of the 
service performance of an asphalt paving 
mixture from a purely physical aspect 
must eventually resolve itself into a 
study of flow properties of the paving 
mixture. 

In the present paper we wish to discuss 
the use of the compression test for 
the study of flow properties of asphalt 
paving mixtures. Observation of as- 
phalt mixtures shows that most of 
them are quasi-viscous or plastic ma- 
terials, and the extent to which they 
are stressed determines the rate of 
flow. The three recognized types of 
flow are “distinguished by the nature of 
the curve obtained by a plot of rate of 
shear versus shearing stress’”* (see Fig. 1). 
This assumes that the rate of shear is 


¢R. N. Traxler, “Influence of the Solid on the Flow 
Properties of Dilute Suspensions,” Paper Trade Journal 
Vol. 104, pp. 151-154 (1937); Chemical and Metallurgical 
Engineering, Vol. 44, pp. 200-203 (1937). 
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determinate, that is, the direction and 
magnitude of shear can be evaluated in 
every element of a test specimen. De- 


scriptions of the various types of instru-. 


ments employed for the measurement of 
flow may be found in the literature.’ * 
All are so constructed that simple 
laminar flow exists throughout the speci- 
men. 

Viscous flow is represented when a 
plot of rate of shear versus shearing stress 
gives a straight line passing through the 
origin as in Fig. 1 (a). The reciprocal 
slope of the straight line, which is con- 
stant over the entire range of shearing 
stress, evaluates the viscosity of the 
material, that is, viscosity = shearing 
stress/rate of shear. In the testing of 
viscous materials the rate of shear must 
always be kept low enough to avoid 
turbulence. 

The type of curves obtained with sys- 
tems possessing so-called quasi-viscous 
flow characteristics are illustrated in 
Fig. 1 (6). Plots of rate of shear versus 
shearing stress for these materials give 
various curved lines passing through the 
origin; the “viscosity” calculated de- 
creases with increasing shear stress. 
When a “viscosity” value is reported for 
such a material, the shearing stress or 
tate of shear used must be reported also. 
Quasi-viscous substances contain a suffi- 
cient concentration of dispersed particles 
to impart structure to the system. 
Such systems are frequently encount- 
ered in asphalt-filler mortars, blown as- 
phalts, and the like. It is also probable 
that many asphalt mixtures will be 
found of this type. 

The general relation that exists be- 
tween rate of shear and shearing stress in 


7R.N. J. Saal, “Determinations the Plastic 
Properties of Asphaltic Bitumen,” Proceedings, World 
Petroleum Congress, Vol. 2, p. 515 (1933). Published 
in London, England. 
_*R.N. Traxler and H. E. Schweyer, “Measurement of 
High Viscosity—a Rapid Method,” Proceedings, Am. Soc. 
Testing Mats., Vol. 36, Part II, p. 518 (1936). 
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plastic flow is the equation of a straight 
line, as in Fig. 1(c), which intersects the 
shearing stress axis at some point called 
the yield value. Stress below the yield 
value will not deform the material 
permanently. The slope of the straight 
line after the yield value is exceeded 
is known as the mobility of the system. 
However, this only represents the ideal 
case; at low rates of shear the curves 
may bend sharply and pass through the 
origin as indicated by the dotted lines 
in Fig. 1(c) instead of intersecting the 
shearing stress axis. A yield value is 
generally recorded, however, since this 
point and the slope of the line define the 
behavior of a plastic material. 
Determination of rates of shear and 
shearing stress in cylindrical specimens 
under compressive loads resolves itself 
into a complicated problem as investiga- 
tors have found.’ The greatest obstacle 
is in determining satisfactorily the posi- 
tion of the planes upon which the shear 
takes place during flow under axial com- 
pression. The theoretical values, de- 
rived from a consideration of laminar 
flow, are approximated by the data only 
when very thin samples are tested. It 
has also been found extremely difficult to 
correlate the results with those obtained 
in other instruments used for the meas- 
urement of flow. Therefore, it appears 
that if the compression test is to be used 
at all in the study of flow of asphalt mix- 
tures, some other basis for evaluating 
flow properties must be used. 
Fundamentally, the rate of shear in 
any present-day method of viscosity 
measurements is always a proportional 
function of the rate of volume displace- 
ment of the sample in the test. Thus, 
in the capillary tube method” the volume 
of material moved is measured at definite 


L. Peek, Jr., “Parallel Plate Plastometry,” Journal 
of Rheology, Vol. 3, pp. 345-372 (1932). 

10 E. C. Bingham, “Fluidity and Plasticity,’”” McGraw- 
Hill Publishing Co.. New York City (1922). 
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time intervals and from this the rate of 
shear can be evaluated; in the falling 
coaxial cylinder* the movement of the 
inner cylinder is a proportional function 
of the volume of material displaced, and 
so on. Since this relationship appears 
to be fundamental to measurement of 
flow we have considered the following 
analogy. 

In the compression test we can easily 
measure the volume of material displaced 
by measuring the travel of the moving 
head with respect to the fixed head dur- 
ing the test of a specimen. From this, 
the unit rate of volume displacement 
may be determined, which is analogous 
and most probably a direct function of 
the rates of shear existing in the specimen 
during the test: 


where R = unit rate of volume displace- 
ment in cubic inches per 
inch per minute, 

v = velocity of one head of the 
testing machine with re- 
pect to other in inches per 

minute, 

A = original area of cylindrical 
cross-section of briquet in 
square inches, and 

h = original height of specimen 
in inches. 

Continuing this reasoning further, we 
recognize the fact that compressive stress 
may always be resolved into two com- 
ponents originating from shear resistance 
within a material. It should follow 
therefore that compressive stress, p, is 
some direct function of the shear stress in 
an asphalt mixture. An equation de- 
scribing a plastic substance may be 
written: 


+ 


I 


where p = compressive stress in pounds 


per square inch, 
constant representing 
“mobility,” and 
factor representing the 
“vield strength.” 
It will be shown later that the factor K 
is influenced by the dimensions of the 
specimens tested. For the present, how- 
ever, it will be considered as a constant. 


@a=:a 


DATA AND DISCUSSION 


By way of testing the basic assump- 
tions in the foregoing development, mix- 


Taste I..—Typicat Test Data. 
Constant D/h = 2.00. 


Mix A“ Mix 

vA vA 

261 
648 
328 _ 674 
828 
1000 


@ Cold mix, freshly made, contains 1 per cent naphtha. 
Trinidad asphalt cement, component, 60 penetration. 

> Hot sheet asphalt mixture. Trinidad asphalt cement, 
component, 60 penetration. 
tures were made up into briquets 2 in. in 
diameter by 1 in. tall and tested at sev- 
eral constant rates of deformation. 
Typical data are shown in Table I. 
Separate briquets were tested at each of 
the rates indicated and each resulting 
ultimate compressive stress was taken as 
the value for p. This is contrary to the 
usual procedure in viscometry where a 
constant stress is applied to the material 
and the rate of shear is measured. This 
procedure is followed only for conven- 
ience, however, and the reverse order of 
manipulation is equally possible. 

The data in Table I have been plotted 
in Fig. 2. If our analogy is sound the 
curve for mix A represents a quasi- 


45 As 
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( 
d 
1 
Si 
R 
the 
pla 
sec 
lb. 
fac 
of 
onl 
mir 
mix 
0.1: 


p 


560 
648 
674 
709 
828 
828 
865 
941 


itha. 


nent, 


viscous material and the curve for mix B 
a plastic material. This seems to be a 
true definition of each. Mix A is a 


freshly made cold mixture containing 


about 1 per cent of solvent (naphtha) 
which was not given time to evaporate. 
Mix B is a hot sheet asphalt mixture of 
conventional design. Both mixes con- 
tain 10 per cent of bitumen from Trini- 
dad asphalt cement of 60 penetration and 
10 per cent of limestone dust filler. The 
sand is bank sand from a local source. 


035 
Mix B. 
030 
tec 
-Mix A 
4 
(765, 0221) 
0.20 
a 
= 
O15 005 in per min. 
2 
0.10 4 
+ | 
> 
= Yield Vol 
y _Yield Value-562 
- Extra Mixture. 
0 v =0.00) in. per mii 


0 250 500 750 1000 
Scale for Compressive Strength (p)and Yield Value K, 
Ib. per sq. in 


Fic. 2.—Data from Table I. 


The figure is of particular interest in 
the fact that at a rate of volume dis- 
placement, R, of 0.221, the curves inter- 
sect showing a compressive stress of 765 
lb. per sq. in. Among other things this 
fact should serve to indicate the fallacy 
of ordinary testing methods, wherein 
only a single rate of test is used to deter- 
mine a factor of strength in an asphalt 
mixture. For instance, at a value R = 
0.157, resulting from a testing speed 2 of 
0.05 in. per min. on briquets 2 in. in di- 
ameter by 1 in. tall, the values of p are 
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nearly alike whereas the full range of 
each curve indicates mix A will flow even 
when stressed very lightly, while mix B 
would offer considerable resistance to the 
same flow. 

In order to check the apparent con- 
tinuation of the straight line toward the 
stress axis, an extra point was determined 
on a mixture of the same composition 
and ingredients as used in mix B. This 
mixture was tested at the slowest rate 
possible with our machine. The rate of 
deformation was v = 0.001 in. per min. 
The maximum compressive stress was 


TABLE IT.—DatTa ON SERIES OF BRIQUETS 
wita D/h ApeROXIMATELY 2.00. 


Rate of volume displacement varied over same range for 
three diameters of briquets. 


Briquet* | hk | D/h 10] R | 
054! 209/151 | 028 
0.56 | 2.02 | 12.6 | 0.23 
0.53 | 2.12 | 7.56] 0.14 
0 53 2.12 5 04 0.09 
0.56 | 2.02 | 2.52} 0.05 
| 0.52 | 2.17 1.26 | 0.02 
6 | 0.78 | 2.04 | 10.1 0 26 
eee 0.78 | 2.04 | 8.82} 0.22 
0.79 | 2.01 | 6.30) 016 
079 | 2.01 5.04 | 0.13 
0.80 | 1.99 2.52 | 0.06 
0.78 2 04 1.26 | 0.03 
| 1.13 | 2.00 | 7.56] 0.27 
Me. 86. 1.13 2.00 6 81 0.24 
1.14 | 1.98 6.05 | 021 
1.13 | 2.00 3.02 | 0.11 
1.14 | 1.98 1.51 | 0.05 
ere 1.13 2.00 0.76 0.03 | 


Diameter of specimens Nos 1 to6= 1.13 in. Area 
= 1.00 sq. in. 
Diameter of specimens Nos. 7 to 12 = 1.596 in. 
Area = 2.00 s4. in. 
Diameter of specimens Nos. 13 to 18 = 2.26 in. 
Area = 4.00 sq. in. 


recorded in about 90 min. as p = 585 lb. 
per sq. in., R = 0.003 cu. in. per inch per 
min. Plotting this point in Fig. 2 finds 
it in substantial agreement with the rest 
of the data from mix B. It may be said, 
therefore, that mix B represents within 
all practical limits the ideal case of a 
plastic material, and we should expect 
this mixture to withstand 560 lb. per 
sq. in. compressive stress with no appre- 
ciable flow. 

As mentioned with reference to A in 
Eq. 2, further experiment has shown that 
the intercept is influenced by the dimen- 
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sions of the test specimen. Tables II 
and III contain data illustrating this 
effect. The data in both tables have 
been obtained on briquet specimens of 
the same mixture. This was a hot sheet 
asphalt mixture prepared in our }-cu. ft. 


laboratory pug mill mixer. Its compo- 
sition was as follows: 
Limestone dust, per cent ......... 10 


Oil asphalt cement (60 penetra- 
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TABLE III.—DatTa ON SERIES OF BRIQUETS MADE WITH SAME MIXTURE AS THOSE IN 
TABLE IT. 


v only held constant. 2 and if vary according to dimension. 


ship of pand R. (Data on briquet No. 1 
was omitted since comparison with No. 7 
and No. 13 shows this value of p to be 
too great.) Constants a and K were 
evaluated with the following result: 


p = 10900 R + 662........... (3) 


The average deviation of the data is 
found to be +5.67 per cent. 

The data for p and R in Table IT and 
the straight line represented in Eq. 3 are 
plotted in Fig. 3 with reference to the 
scale on the right-hand side of the graph. 


h 
Briquet h D/h p vX 107% R 1090R K 

ee re ee 0.57 2.00 858 10.08 0.18 196 662 
0.83 1.36 664 10.08 0.12 131 533 
12 1.01 484 10.08 0.090 98 386 
1.39 0.81 402 10.08 0.073 80 322 
1.69 0.67 352 10.08 0.060 65 287 

2.24 0.51 311 10.08 0.045 49 262 
0.80 2.00 868 7.56 0.19 207 662 
1.58 1.00 506 7.56 0.096 105 401 
2.40 0.66 369 7.56 0.063 69 300 
ake 3.25 0.49 258 7.56 0.047 51 207 
1.13 2.00 836 4.54 0.16 174 662 
1.69 1.34 654 4.54 0.11 120 534 
28 0.99 463 4.54 0.080 87 376 
2.88 0.79 414 4.54 0.063 69 345 
3.42 0.66 382 4.54 0.053 58 324 
0.56 329 4.54 0.045 49 280 


The data in Table II are for three sets 
of mixes made into briquets with diame- 
ters 1.13, 1.596, and 2.26 in., respectively. 
(These diameters give cross-sections of 1, 
2 and 4 sq. in., respectively.) The di- 
ameter to height ratio is constant within 
practical limits for the three sets. The 
velocity of deformation, v, is varied so 
that the rate of volume displacement, R, 
covers approximately the same range in 
each set. Grouping the data from the 
first three briquets of each set and the 
last three of each set, a straight line was 
calculated for the data by the method 
of averages using Eq. 2 for the relation- 


Diameter of specimens in this group = 1.13 in. Area = 1 sq. in. 
Diameter of specimens in this group = 1.596 in. Area = 2 sq. in. 
© Diameter of specimens in this group = 2.26in. Area = 4 sq. in. 


values of K run in descending order in 


In Table III are data obtained on the 
same mixture when D/h and R are both 
variable over approximately the same 
ranges for each diameter of specimen. 

Using the value of a = 1090 for the 
“mobility” factor as determined in Eq. 3, 
the value of K has been calculated for 
the data on each mix in Table III. The 
values obtained for K are listed in the 
last column, which is, algebraically: 

K = p— 1000R:........... (4) 


it will be noted that these calculated 


~ aa 


— 


each set in a manner proportional to 
D/h. Plotting the values of D/h against 
K in Fig. 3 indicates a straight-line rela- 
tionship which can be expressed as fol- 
lows: 


Evaluating the constants 6 and c in this 
equation with the data in Table III 
results in 


K = 292 (6) 


T 
Data From Table IL 
sq. in. cross section | 


+ 2sq in. cross section <\c 
459 in.cross section 025 
| 


Deta From Table II ° 
in. section ° 

289. iN.Cross section 

- 
l= 200}. 4 sg.in.cross section 


0.20 
Relationship of 
Ato ratio 

150} -4=292 2 +106 


° 
a 


1.00 


Relationship 
of p to Rate 
of Volume 


Ratio, Diameter to Height 
Unit Rate of Volume Displacement, R 


0 250 500 750 1000 
Scale for p and K, Ib. per sq. in. 


Fic. 3.—Data from Tables II and III. 


The average deviation of this data is 
+4.85 per cent. 

Equation 5 may be substituted in Eq. 2 
to give the general equation for plastic 
flow measured by the compression test as 
follows: 


where p, and are the usual vari- 
ables, and a, b, c are constants depending 
on the flow properties of the material. 

The values of constants a, 6 and c ob- 
tained by Eqs. 3 and 6 may be substi- 
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tuted in Eq. 7 to evaluate the present 
mixture as follows: 


p = 1090 R + 2927 + 106. .(8) 


Constant a in Eq. 7 is a function of the 
“mobility” of the mixture as in Eq. 2. 
The entire expression (6 D/h + c) now 
represents the “yield value” K. It is 
evident that when D/h is held constant 
this expression becomes a constant and 
the relationship expressed in Eq. 2 may 
be used for evaluating flow. 

Of particular significance in analyzing 
Eq. 7 is the fact that variation of the 
dimensions of the specimen changes the 
position of the intercept but does not 
affect the slope. This is equivalent to 
saying that although varying the dimen- 
sions of a specimen will change its “yield 
value,” such variation will have no effect 
whatsoever on the “mobility” of the mix. 
Evidently the dimensional relationship 
D/h largely determines the ability of a 
mixture to withstand loading without 
deformation. 


CONCLUSION 


The foregoing analysis indicates a 
wider field of application for the com- 
pression testing of asphaltic mixtures. 
The analogy of compressive stress to 
shearing stress, and rate of volume dis- 
placement to rate of shear, is apparently 
sound as evidenced by the type of curves 
obtained with the compression data. 
For engineering purposes it is more conve- 
nient to deal in terms of the applied com- 
pressive load and volume displacements 
than to use the more scientific considera- 
tion of rate of shear and shear stresses. 
The present method of test suggests the 
possibility of relating flow properties of 
the finished mixture with those of its 
fluid component. 

From the practical standpoint of test- 
ing, a standard D/h value should be 
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adopted for testing all mixtures. If this 
is done, Eq. 2 may be used to evaluate 
the data. This would require determina- 
tion of two, or preferably more, points 
using different values of R in order to 
determine the slope a and intercept K. 
Of particular advantage too is the fact 
that R may be varied in either of two 
ways: (1) the rate of deformation v of 
the sample may be varied, or (2) the 
specimens may be made of various 
dimensions (so long as the D/h ratio is 
kept constant) and the several samples 
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may be tested at one rate of deformation. 
In the first case the velocity v would be 
the variable of the test; and, in the 
second case, both diameter D and height 
h would be varied in like proportions. 
All of this is readily adaptable to routine 
testing as well as to research. A machine 
capable of operating at only one speed 
suitable to the test may be used if one 
large and one small diameter briquet are 
made. Where variable speeds are avail- 
able, single size specimens will suffice. 


Mr. W. S. HovuseEv.'—In the recent 
development of testing methods em- 
ployed in measuring the physical prop- 
erties of semi-cohesive materials such as 
soils or bituminous mixtures, there are 
two problems which appear to be of 


primary importance. In very general 
terms these problems are: first, to devise 
test methods which properly evaluate 
the time element; and second, to devise 
ways and means of determining the 
effect of dimensions of the test specimen 
in relation to the actual physical prop- 
erty being measured. The author has 
made a very substantial contribution in 
connection with both of these problems. 

The necessity for ingenuity in the iso- 
lation of different variables, such as em- 
ployed by the author, is nowhere more 
evident than in the various shear tests 
that are in the process of development 
at the present time. Some shear tests 
employ a constant rate of loading, some 
a constant rate of deformation, and some 
apply load by progressive increments 
with sufficient time for each load incre- 
ment to come to a point of equilibrium 
or a uniform rate of deformation. One 
sees reference in current literature to a 
rapid shear test and a slow shear test 
with a variation in results on the same 
materials which makes definite conclu- 
sions a hazardous estimate. 

Presumably the engineer interested in 
predicting the behavior of a road surface, 
a subgrade, or a foundation is most often 
interested in static resistance and must 
determine that resistance which is avail- 


1 Research Consultant, Michigan State Highway Dept.; 
Associate Professor of Civil Engineering, University of 


Michigan, Ann Arbor, Mich. _ 


able to produce a condition of permanent 
equilibrium independent of the time ele- 
ment. The author has arranged the 
variable factors resulting, after analysis, 
in a simple linear relation between the 
time element and compressive strength, 
which makes possible a determination of 
the actual yield value in a positive man- 
ner. The necessity of conducting tests 
at several rates of shear in order to 
evaluate the time relation is clearly 
shown and, although it should be ob- 
vious, seems to require some emphasis. 
A similar method of attack appears to 
have value in measuring any type of 
resistance, although the factors involved 
may not be the same in other cases. 
The author adopts very much the 
same line of reasoning in evaluating the 
effect of dimensions on the compressive 
strength of the mixture. His factor K 
in Table III and Fig. 3 corresponds to 
the yield value or ultimate shearing re- 
sistance in a cohesive material or the 
ultimate stability of a granular material. 
The data indicate that the compressive 
strength decreases directly with a de- 
creasing ratio of diameter to height of 
cylinder to a constant value at which 
the effect of dimensions is eliminated. 
This result is verified by the writer’s re- 
search in internal stability of granular 
materials in which it was found that 
there was a decrease in stability as the 
height of cylinder was increased until 
direct transfer of load from top to bottom 
of the cylinder was eliminated. The re- 
sults referred to have led to an investiga- 
tion of the effect of the dimensions of the 
specimen, which is still in progress. In. 


| 
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general the data from it indicate a hyper- 
bolic relation between internal stability 
and the ratio of height divided by diame- 
ter of the cylinder. This relation holds 
up to a certain h/D ratio where the sta- 
bility curve becomes asymptotic to a 
line which represents the actual stability 
independent of dimensions. If the same 
data were plotted against the inverted 
D/h ratio, the linear relation shown by 
the author would result. 

In the writer’s opinion the compres- 
sion test as employed by the author 
measures a very important property of 
granular mixtures and may be accurately 
described as the ultimate stability at 
zero lateral pressure. In order com- 
pletely to describe granular mixtures it 
appears that stabilometer tests which 
measure change in stability at various 
amounts of lateral pressure are also 


necessary. Such tests are needed to 
measure the angle of pressure trans- 
mission which, in the writer’s opinion, 
is the basic factor in internal stability.” 
After sufficient data are accumulated it 
may be shown that stability at zero 
lateral pressure or compressive strength 
is directly related to the angle of pres- 
sure transmission. The compressive 
strength test may then emerge as the 
final routine test, since it is much better 
suited for practical testing than the 
more cumbersome stabilometer test. 
This possibility is enhanced by the fact 
that other data presented by the author 
indicate a favorable correlation between 
compression tests and service behavior.* 


2W. S. Housel, “Internal Stability of Granular Ma- 
terials,’ Proceedings, Am. Soc. Testing Mats., Vol. 36, 
Part II, p. 426 (1936). 

# Roland Vokac, ‘‘A Correlation of Physical Tests with 
the Service Behavior of Asphaltic Mixtures,” Proceedings, 
Assn. Asphalt Paving Technologists, p. 202 (1937). 
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THE HOMOGENEITY OF WEST TEXAS ASPHALTS 


The use of solvents to precipitate or 
separate certain constituents present in 
crude oils and bituminous substances 
has been known for many years. G. L. 
Oliensis,? has proposed a test for de- 
termining qualitatively the degree of 
“physical heterogeneity” in asphalt. 
The test depends upon the precipitation 
that takes place when such asphalts are 
dissolved or dispersed by 5.1 times their 
volume of certain petroleum naphthas. 
The term “‘carbenoids” is proposed as 
the name of the precipitated bodies. 
Oliensis proposes to use as a standard 
solvent for this test a material having 
the following specifications 


“The naphtha solvent used shall be a 
straight-run overhead distillate free from 
cracked products of any kind, and shall 
conform to the following requirements: 

Gravity, deg. A.P.I.....49 to 50 

Distillation: 

Initial boiling point ..Above 300 F. 

50 per cent over......335 to 355 F. 

es Below 410 F. 
Aniline number....... ..138 to 145 F.” 


When asphalts are tested by this 
method they produce either a uniform 
brown circular stain or a brown stain 
with a much darker spot or nucleus in 
the center. Oliensis classifies asphalts 
which produce a uniform spot by this 
test as homogeneous and those with a 


of Petroleum Research, University of Tulsa, 
ulsa 
2G. L. "Oliensis, “A Qualitative Test for Determining 
the Degree of Heterogeneit y of Asphalts,” Proceedings, 
Am. Soc. Testing Mats., Vol. 33, Part II, p. 715 (1933). 
3G. L. Oliensis, “A Further Study of the a ay 
Se Asphalt—a Quantitative Method,” Proceedings, Am 
esting Mats., Vol. 36, Part II, Pp. 494 (1936). 


darker spot or nucleus as 
He concludes that this test will classify 
the following types of bitumens as 
homogeneous: 

1. Steam-refined residuals known to 
have been refined without serious crack- 
ing. 

2. The bitumen of certain native 
asphalts. 

3. Some types of slightly oxidized 
residuals from asphaltic-base crude oils. 

Types of bitumens classified as hetero- 
geneous are: 

4. Steam-refined residuals that have 
been overheated during the refining 
operation. 

5. Cracking-coil residuals. 

6. Highly blown residuals. 

Oliensis has definitely pointed out 
that while this test should not be con- 
sidered as a quality test, “it will identify 
all petroleum asphalts that have been 
subjected to temperatures higher than 
are normal in the regular steam-refining 
processes. Hence it will detect (a) 
cracked asphalts, (b) steam-refined or 
vacuum process residuals that have been 
accidentally subjected to higher temper- 
atures than are normal, and (c) the more 
highly blown asphalts that have been 
subjected to the higher temperatures 
for prolonged periods of time.” Later 
he modified these views to add that the 
following factors might also classify an 
asphalt as heterogeneous even though 
high temperatures or cracking were not 
involved: 

1. Waxy bodies, _ 

2. Acid sludge bodies, : 

3. The combination of incompatible 
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fractions in so-called “synthetic as- 
phalts,” and 

4. Exposure to the air. 

In testing certain asphalts produced 
from West Texas crude oils, the author 
noticed that some of these gave a “‘posi- 
tive’ spot test by this method. At 
first we attributed these spots to over- 
heating during the process of manufac- 
ture, but a careful chéck of processing 
operations failed to substantiate this 
idea. In order to determine whether 
the positive spot test of these asphalts 
was caused by overheating or whether 
it was due to some other factor, a 
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characteristics; the one produced from 
the shallow sand has a gravity of 31 to 
32 deg. A.P.I. while the deeper sand 
produces oil with a gravity of 26 to 27 
deg. A.P.L. 

The Iatan field is located in Mitchell 
County and produces from several dif- 
ferent strata, all within 200 ft. of each 
other at a depth of 2800 ft. The grav- 
ity of this oil varies from 27.5 to 29.7 
deg. A.P.I. 

The Westbrook field is locaced in 
Mitchell County and produces from the 
3000 ft. horizon. It has a gravity of 


Regulating Valve. 


24 to 26 deg. A.P.I. 


Receiver 


Jo Vacuum 
ump 
Manometer 
Vacuum 
Drum 


Fic. 1.—Apparatus for Reducing Crude Oil in Vacuum. 


number of West Texas crude oils were 
reduced to asphalts in vacuum at very 
low temperatures. 

These crude oils were obtained di- 
rectly from the producing wells, care 
being taken to obtain representative 
samples from each of the fields selected. 
All of the oil-producing formations in 
this area are generally considered as of 
Permian age. 

The Chalk field is located in Howard 
County and produces from two forma- 
tions, a shallow horizon producing from 
1600 to 1800 ft. and a deeper horizon 
producing from a depth of approxi- 
mately 3000 ft. The crude oils from 
these two sands have quite different 


The Ector field is in Ector County, 
Texas, and produces oil from the 3678- 
ft. horizon. It has a gravity ranging 
from 30.8 to 33.2 deg. A.P.I. 

The method used for reducing these 
crude oils to asphalts in vacuum was as 
follows: (See Fig. 1.) 


Apparatus: 


A.S.T.M. low-distillation thermometer. 
Sand bath in metal pan. 

Cutback asphalt flask. 

Brass tubular air cooled condenser. 
Vacuum pump and manometer. 
Graduated cylinder. 


Vacuum flask, 250 ml., with side arm. : 


— 
] 
( 
| 
“---Sand Bath = 
| 


AS 


Setup: 


The joint, and the 
thermometer cork were both covered with 
a mixture of powdered asbestos and glue. 
The thermometer was inserted through the 
neck of the flask until the bulb projected 
to within approximately 4 in. from the 
bottom of the flask. The lower three- 
quarters of the flask itself was covered with 
fine sand to a depth of at least } in. The 
end of the condenser entered the vacuum 
flask through a rubber stopper, and the side 
arm was connected to a vacuum pump. 


TABLE I.—-TESTS ON NAPHTHAS PRODUCED 
FROM West TEXAS CRUDE OILS. 

Shal- 

low 


Crude 
Chalk 
Distillation 46.3 46.1 45.5 


Iatan  West- 
Ector Deep 
brook 47.0 Chalk 


leg. (46.1 deg. 
deg. deg. 
API | APL A.P.I. A.P.1. 
Initial boiling | 
point......| 310 F. | 297 F. | 300 F | 307 F. | 300F. 
5 per cent....| 320 F. | 304 F. | 305 F. | 315 F. | 309F. 


10 per cent...| 323 F. | 305 F. | 307 F. | 317 F. | 311 F. 
20 per cent...| 327 F. | 307 F. | 310 F. | 320 F. | 314 F. 
30 per cent...| 329 F. | 310 F. | 313 F. | 323 F. | 317 F. 
40 per cent 332 F. | 313 F. | 315 F. | 327 F. | 320F. 
50 per cent...| 337 F. | 316 F. | 319 F. | 331 F. | 324 F. 
60 per cent...) 343 F. | 320 F. | 323 F. | 336 F. | 328 F. 
70 per cent...) 349 F. | 325 F. | 327 F. | 343 F. | 333 F. 
80 per cent...| 357 F. | 328 F. | 333 F. | 351 F. | 340 F. 
90 per cent 369 F. | 345 F. | 342 F. | 365 F. | 353 F. 


Maximum 407 F. | 387 F. | 371 F. | 407 F. | 391 F. 
Recovery, per 

cent... 98 6 99 0 99 0 99 0 99 0 
Residue, per 

cent. 14 1.0 10 1.0 1.0 
Loss, percent. 0 0 C 0 0 
Aniline num- 

ber... 124 F. | 104 F. | 93 F. 119 F. | 108 5 F. 
Procedure: 


200 ml. of the crude oil to be reduced 
was charged to the flask, the joints glued 
and the sand covering the flask heaped up 
on the sides. Flame was applied so that 
the initial boiling point occurred within 
about 20 min., approximate A.S.T.M. dis- 
tillation rate being maintained until a 
liquid temperature of 500 F. was reached. 
The receiver was emptied of low boiling 
materials, and vacuum was carefully ap- 
plied until a minimum of 5 mm. mercury 
was obtained. Care was taken to prevent 
the liquid temperature from going over 
500 F. The tendency of the whole body 
of residue to foam out of the flask was over- 
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come by regulating the application of 
vacuum, sudden differences being elimi- 
nated by the use of a large airtight container 
in the vacuum line to absorb slight pres- 
sure changes. 


From the initial application of the 
flame to the completion of the test re- 
quired about 1 hr. The product ob- 
tained ranged in melting point (ring- 
and-ball method) from 88 to 104 F., 
and contained all high-boiling materials 
present in the crude itself (boiling over 
500 F. at 5 mm. mercury pressure). 
The asphalt contained no “synthetic 
asphaltic materials” or acid sludges, and 
was not subjected to prolonged air or 
light exposure. 

Some of the asphalts produced in this 
manner showed positive spot tests with 
standard Oliensis solvent. Evidently 
there was some other cause for this 
than overheating. After this had been 
established, we ran a number of tests 
to ascertain the character of the solvent 
present in each crude oil tested, and the 
influence of this solvent on the asphalt. 

In the preparation of these solvents, 
the following equipment, setup, and 
procedure were used: 


Apparatus: 


3000-ml. ring neck round bottom flask. 

Hempel type fractionating column, 1 by 
15 in. 

A.S.T.M. condenser, standard. 

A.S.T.M. low-distillation thermometer. 


Setup: 


The flask, Hempel column, and con- 
denser were assembled with corks, and 2000 
ml. of the crude to be reduced was charged 
to the flask, the corks being glued to pre- 
vent loss of naphtha and to reduce fire 
hazard, and the thermometer adjusted in 
the neck of the Hempel column so that the 
top of the bulb was level with the bottom 
of the side arm of the column, and the bot- 
tom of the bulb just above the beads in the 
column. 
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Procedure: 


A small flame was applied, so that dis- 
tillation started and a rate of approxi- 
mately 5 ml. per min. was maintained. 
Distillation was allowed to continue until 
a vapor temperature of 300 F. was reached, 
this temperature being maintained until 
distillation essentially stopped. The flame 
was cut down slightly, and the material 
allowed to reflux for 10 min. In a clean 
receiver, the naphtha distilling above 300 
and below 400 F. was collected for further 
test. Table I gives the properties of the 
naphthas obtained from five different West 
Texas crude oils. 


In addition to these five solvents, a 
Stoddard naphtha-toluol mixture hav- 
ing an aniline number of 60 F. and a 


TABLE II. —RELATIONSHIP BETWEEN ASPHALT, SOLVENT, AND SPOT Test. 


been subjected to cracking or high 
temperatures might be due to the pres- 
ence of waxy bodies. Our tests failed 
to show any relation between the wax 
content of the asphalts tested and the 
spot test: 


CrupE Source PENETRATION WAx, Spor Test 
77F. PERCENT 

Deep Chalk..... 94 2.4 Positive 

Shallow Chalk... 102 ye Negative 

110 3.6 Positive 

Westbrook...... 90 2:2 Positive 


@ Some of the crude oils from this field produce asphalts 
with a negative spot test. 


The wax determinations were made by 
the usual alcohol-ether precipitation 
and represent an average of five tests 


each. 


N 
N 
N 


Melting | West- | D Shallow | Stand 
Point, | | Iatan | Ector | Shallow | Stand- | | 20F 
brook | Chalk Chalk ard srs sue 
Fay Solvent | Solvent Solvent | Solvent Solvent | Solvent Aniline | Aniline 
Westbrook asphalt.............. 97 “'N N-P N N-P P P N 
Deep chalk asphalt... a Sekt 92 N N N N N N-P N 
Iatan asphalt. . acne 97 N N-P N N-P N N-P N 
Shallow Chalk asphalt... 88 N N N N N N N 
nee 96 N N N N N N N 
Pressure tar No. 1204.......... an P P P P P P P 
Pressure tar No. 1205 .......... 104 P P P P P P P 


ot. 


N= 
a N-P = Men oe after 30 min.; spot after 24 hr. 


similar mixture having an aniline 
number of 20 F. were prepared. The 
former solution required 45 per cent 
and the latter 59 per cent by volume of 
toluol in Stoddard solvent. Freshly 
distilled aniline was used in each set of 
determinations. 

Oliensis tests were then run on each 
of the five asphalts and on two pressure 
tars which definitely were known to have 
been cracked, using each of the seven 
special solvents, and standard solvent. 
The results of these tests are tabulated 
in Table II. 

Some investigators’ have assumed 
that the positive “spot” test obtained 
from certain asphalts which had not 


Further tests were carried out to 
determine the effect of adding paraffin 
wax to an asphalt which gave a nega- 
tive spot test: 


ASPHALT, PARAFFIN OLIENSIS PARAFFIN 
_ PER CENT Appep, Spor Test By TEST, 
; PER CENT PER CENT 
100 wp Neg. 2.4 
99 1 Neg. 3.0 
98 2 Neg. 3.8 
97 3 Neg. 5.0 
96 4 Neg. 
95 5 Neg. 
90 10 Neg. 
88 12 Neg. se 
85 15 Pos. 14.5 


Obviously, these four asphalts should 
fall under the classification of homogene- 
ous materials, yet three give positive 


Id 
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spot tests with regular Oliensis solvent. 
They have not been cracked, and have 


not been air blown. As evidenced by 
the addition of pure paraffin wax to the 
asphalts and subsequent Oliensis tests, 
the waxy materials present in the 
asphalts are not present in sufficient 
quantities to give a positive spot test. 
No acid sludges were present, and ex- 
posure to the air was minimized. 

This leads us to the conclusion that 
asphalts produced from these crude oils 
cannot be judged by the standard 
Oliensis test, with regard to cracking. 
Carbenoids, or those materials responsi- 
ble for the formation of the spot in the 
test, must have been present in sufficient 
quantity in the original crude oil to 
cause a positive spot test when concen- 
trated in the yield of asphalt. The 
concentration of these materials is prob- 
ably due to the high solvent power of 
the original solvent present in the crude 
oil. 

Consideration of the data presented 
here indicates that the Oliensis test as 
it is now used establishes a purely arbi- 
trary line between homogeneous and 
heterogeneous asphalts. This method 
does not distinguish between asphalts 
which have been cracked or subjected to 
excessive temperatures during process of 
manufacture and those which due to 
some unusual characteristics of the 
crude oil itself produce a positive “‘spot”’ 
test. The data submitted show that 
such natural asphalts can be differen- 
tiated from cracked asphalts by lowering 
the aniline number of the solvent used 
so that it is equivalent to the aniline 
number of the natural solvent occurring 
in the crude oil from which the asphalt 
was produced. 

Once the characteristics of the natural 
solvent from any asphaltic crude oil have 
been ascertained, a synthetic solvent 
having the same aniline number and 
boiling range can be used by mixing a 


suitable amount of xylene or toluene 
with the standard Stoddard solvent. 
These modified solvents will still detect 
the presence of cracked materials even 
when they are present in relatively 
small amounts. 


EFFECT OF ADDING CRACKED MATERIALS 
ON Spot TEST 


The base material used for these tests 
was an asphalt made from shallow 
Chalk crude oil, having a penetration 
of 135 at 77 F. which showed a negative 
spot test with standard Oliensis naph- 
tha. The cracked asphalt added was 
made from West Texas crude oil. 


PERCENTAGE OF CRACKED 
AspHatt No.1 Appep... 4 6 


NApPHTHA USED 
114 F. aniline number......... N 
119 F. aniline number......... N 
125 F. aniline number......... N P 
N 
P 


130 F. aniline number......... 
Standard Oliensis solvent... . . 


In the following test the same base 
material was used but a cracked asphalt 
from Oklahoma crude oil was added. 


PERCENTAGE OF CRACKED 
ASPHALT No. 2 ADDED... 4 6 8 
NapuTHa UsEepD 
114 F. aniline number......... N N P 
119 F. aniline number....... ae N P 
125 F. aniline number......... N N P 
130 F. aniline number......... N P Pp 
Standard Oliensis solvent ..... Pp P P 


These tests indicate that the use of 
lower aniline point naphthas will dis- 
close the addition of comparatively 
small amounts of cracked asphalts. 


CONCLUSIONS 


Asphalts produced from pressure still 
tars can be definitely identified by sol- 
vents of lower aniline numbers than the 
standard solvent, even as low as 20 F. 
aniline number giving a positive test — 
with the cracked asphalts used. 
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It has been definitely established that 
asphalts produced from certain West 
Texas crude oils will give a positive spot 
test with standard Oliensis solvent even 
though these materials have been pro- 
duced at very low temperatures without 
overheating or cracking. 

A method has been presented for dif- 
ferentiating between asphalts which 
have been overheated or cracked and 
those which give a positive spot test due 
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to certain inherent qualities of the crude 
oil itself. 

It has been shown that, while paraffin 
wax may cause a positive spot test there 
is no relation between the amount of 
paraffin in a crude oil and the results ob- 
tained by the Oliensis test. It requires 
the addition of paraffin in large quanti- 
ties to cause a normally homogeneous 
asphalt to be classified as heterogeneous 
by this test. 


| 
» 
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Mr. G. L. Ovtensis! (presented in 
written form).—Substantially the same 
data as presented by Mr. Born were 
known to me and were given careful 
study; in fact, it was precisely these 
data that started me on the investiga- 
tion which I had reported in my 1936 
paper. 

The author reports that he carefully 
distilled in his laboratory 200 ml. of 
each of five West Texas crude oils, using 
vacuum as soon as the temperature of 
the liquid had been raised to 500 F., and 
maintained that temperature until the 
residue had reached a melting point of 
88 to 104 F. My opinion is that 
(taking into consideration the extreme 
susceptibility to overheating that some 
of these West Texas crude oils display, 
as will be shown later) the quantity used 
for making this distillation, and partic- 
ularly the quantity of the residue, which 
at the end of the test was presumably 40 
ml. or so, was far too low, and the 
temperature of the liquid was far too 
high, to assure positively that no over- 
heating or other heat breakdown could 
have taken place; and consequently Mr. 
Born cannot safely assume, as he appar- 
ently does, that no overheating did take 
place. Nevertheless, we note that the 
residues from two of the crude oils, 
namely Ector and shallow Chalk, proved 
negative to the spot test; the residues 
from two others, the Iatan and the deep 
Chalk, proved weakly positive (inas- 
much as the spot was clear when fresh 
and became positive only after 24 hr.); 


' Chemist in Charge, The Barber Co., Inc., Madison, Ill. 
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while the residue from only one, the | 


Westbrook, proved positive from the 
start. It is therefore quite possible 


that under much more careful distilla-— 


tion, and with the use of a much larger 
volume of the crude, to reduce the pos- 
sibility of local overheating, the residues 
from the Iatan and the deep Chalk 
would also have tested negative at the 
end of 24 hr., so that only one crude oil, 
the Westbrook, appears definitely diffi- 
cult to reduce to a negative residue. 

In order to establish whether the 
failure of some of his five residues to 
yield a negative spot was connected in 
any way with the presence of waxy 
bodies, Mr. Born reports that the paraf- 
fin wax content of four of them ranged 
between 2.1 and 3.6 per cent. He also 
points out that by starting with a nega- 
tive asphalt of 2.4 per cent paraffin 
content, and adding additional paraffin, 


the asphalt remained negative until 


between 12 to 15 per cent of the paraffin 


had been added, at which point it be-— 


came positive. He thereupon concludes, 
apparently, that any “positive” asphalt 
that is found to contain less than 15 per 
cent paraffin by test, must be assumed 
to be positive through some fact other 
than waxy bodies. 

A somewhat different light on this 
subject, however, is cast by my 1936 
paper (the paragraph headed “Hetero- 
geneity Due to Waxy Bodies’), in which 
is found the following statement: 


It is known...that these waxy bodies 
are better tolerated by some asphalts than 
by others. For example, straight paraffin 
wax may be safely combined in nearly all 


> 


DISCUSSION 


proportions with certain asphalts (gilsonite 
selects); may combine safely in certain 
proportions with other asphalts (Mexican 
or Venezuelan residuals); and may not 
combine at all with still other asphalts 
(grahamite). If combined in other than 
the tolerated proportions, an apparently 
homogeneous blend may sometimes... be 
effected, which on prolonged heating in the 
kettle will precipitate a heavy sludge or 
sediment. ... When asphalts contain waxy 
bodies for which they have a sufficiently low 
tolerance, they may be expected to react 
heterogeneous to the spot test.... When 
such asphalts are heated, the degree of 
heterogeneity may increase with remarkable 
rapidity until actual precipitation of rela- 
tively coarse xylene-insoluble carbonaceous 
bodies results. 


The paper just quoted then goes on to 
show that such a wax-asphalt mixture 
could develop extreme heterogeneity 
when heated for as little as 20 min. at 
400 F.; and would also develop extreme 
heterogeneity even when heated at the 
remarkably low temperature of 212 F. 

The statement in the foregoing paper 
that heterogeneity is caused not by the 
actual percentage of solid paraffin but 
by the low degree of tolerance existing 
between any particular asphalt and its 
waxy bodies makes untenable Mr. Born’s 
position when he establishes an arbitrary 
dividing line at 15 per cent paraffin, and 
declares that any positive asphalt having 
less than that content must be judged 
positive through some other cause than 
paraffin. Furthermore, since as little 
as 400 F., and even 212 F., may develop 
coking or some similar heat-breakdown 
in mixtures of asphalt and waxy bodies, 
once the lack of tolerance between the 
two has developed, I question Mr. 
Born’s statement that no overheating or 
cracking whatever developed when he 
distilled only 200 ml. of wax-bearing 
crude at a temperature as high as 500 F. 
On the contrary, the presumption is 
that incipient cracking, or at any rate 
some type of heat-breakdown, took 
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place in the case of at least three of the 
small distillations described. 

Nor can I feel that the finding of 
2.1 to 3.6 per cent solid paraffin in the 
five West Texas crude oils tells the whole 
story of the waxy bodies therein. As 
pointed out in my 1936 paper, it is 
recognized that the laboratory deter- 
mination of the content of solid paraffin 
gives no indication of the more liquid 
paraffinaceous bodies that may also be 
present, and yet these latter may con- 
ceivably disturb the balance between 
the asphalt and the waxy components 
even more seriously than may the solids. 
It is known that many of these West 
Texas crude oils, notably the Westbrook, 
yield a heavy distillate of such high pour 
point that it becomes practically solid at 
room temperatures from the waxy bodies 
carried over. Therefore, such liquid 
waxy bodies too, even though incapable 
of detection by laboratory test, may 
contribute to the development of hetero- 
geneity in the refining process. 

Mr. Born’s proposal to use naphthas 
of higher solvent power than the stand- 
ard, in order to assure a negative spot on 
residues which would otherwise fail to 
pass, is a rather ingenious one. He 
would distill off the naphtha native to 
any given crude oil, and use only that 
naphtha (instead of the standard 
naphtha) to determine the spot test 
on the residues derived from that 
crude oil. While the specification for 
the standard naphtha to be used in 
the spot test prescribes an aniline 
number of 138 to 145 F., Mr. Born 
shows in his Table I that the naphthas 
derived from his five West Texas crude 
oils have aniline numbers ranging con- 
siderably below those figures, namely, 
from 124 down to 93 F. The lower the 
aniline number, the higher is the solvent 
power of the naphtha, and conse- 
quently, the greater the degree of 
heterogeneity (as revealed by the stand- 
ard naphtha) that such a higher solvent 
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naphtha would be able to mask or 
conceal. This is illustrated in Table II 
of Mr. Born’s paper, where the standard 
naphtha shows that only two of the 
five West Texas residues are negative, 
whereas the two naphthas of lowest 
aniline number, namely, the Iatan and 
the Westbrook naphthas, indicate that 
all five of the residues are negative. 

Mr. Born recognizes this situation 
when he states: 


Carbenoids, or those materials responsible 
for the formation of the spot in the test, 
must have been present in sufficient quantity 
in the original crude oil to cause a positive 
spot test when concentrated in the yield of 
asphalt. The concentration of these mate- 
rials is probably due to the high solvent 
power of the original solvent present in the 
crude oil. 


The following statement appears in 
my 1936 paper: 


Even crude petroleum underground will 
frequently precipitate its waxy bodies under 
predisposing causes, unless it contains 
lighter fractions of relatively high solvent 
power; but even in the latter case, when 
these lighter fractions are eventually re- 
moved in the distillation process, the resid- 
ual may display its low tolerance for its 
waxy bodies, in the oily, waxy scum that 
develops on its surface on standing. 


These two statements cover identically 
the same ground. Mr. Born’s state- 
ment indicates that if the light fractions 
referred to had not happened to have 
such high solvent power, the carbenoid- 
like bodies would have been precipitated 
from the crude oil before it reached the 
surface. That the crude oil does actu- 
ally precipitate poorly-tolerated waxy 
and other bodies is proved by the heavy 
deposits of wax, frequently found im- 
pregnating the rocky strata through 
which the crude oil flows, necessitating 
blasting operations or the use of large 
charges of acid to free a passage for the 
crude oil. If the crude oil happens to 
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contain light fractions of unusually high 


solvent power, then this natural tend- — 
ency for the precipitation of the less 


soluble bodies is prevented. Later, 
when these solvents are distilled off in 
the refining process, the low degree of 
tolerance between the asphalt and the 
waxy bodies in the solid residue is 
again brought into play, the mixture 
consequently becomes very susceptible 
to overheating, as brought out in the 
work I reported on mixtures of asphalts 
and waxes at 400 F. and 212F., and 
eventually during the refining process, 
even if the latter is carried on with 
extreme care, a type of incipient crack- 
ing or heat breakdown does take place. 

It is interesting to note, as a corrobora- 
tion of the foregoing, that Westbrook 
crude, which yields a naphtha of the 
lowest aniline number (only 93 F.) and 
which naphtha therefore has the highest 
solvent power of the five, and conse- 
quently could have successfully com- 
bated the largest degree of incompatibil- 
ity in the crude oil—precisely this 
Westbrook crude oil yields residues that 
are notoriously difficult to refine without 
developing a positive spot. It is the 
only one of the five, in fact, whose 
residues as prepared by Mr. Born yielded 
a positive spot from the start. On the 
other hand, at the very opposite end of 
the list from the Westbrook crude oil, 
are the Ector and the Shallow Chalk 
crudes, whose naphthas have the highest 
aniline number and therefore the poorest 
solvent power of the five. Hence, in 
the crude oil stage, natural incom- 
patibility in these two could not have 
been combated so successfully and the 
incompatible bodies would have been 
rejected or precipitated. It is signifi- 
cant, therefore, that the residues from 
these two crude oils were found by Mr. 
Born himself to be absolutely negative 


.to the standard spot test. 


It seems quite clear that when crude — 


oils contain mixtures of asphalts and 
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waxy bodies that for some reason are 
incompatible, their tendency to form 
“positive” residues during their refining 
process is practically directly propor- 
tional to the high solvent power of their 
light fractions. 

The proposal to use in the spot test a 
naphtha of higher solvent power than 
standard, in order to mask or conceal 
the spot, would simply defeat the pur- 
pose of the test. There is clearly no 
logical reason to recombine a residue 
with the naphtha derived from the same 
crude oil—just because they happen to 
exist in the same crude originally. 

Moreover, such a proposal appears 
highly impractical, due to the confusion 
it will frequently cause. A question 
that will no doubt come up again and 
again is, for example, what type of 
naphtha is to be used if a residue happens 
to be derived from a mixture of two or 
more West Texas crude oils—particu- 
larly if the proportions of the individual 
crude oils in the mixture are not known, 
or if they may vary widely. Is it not 
clear that the arguments and confusion 
that are bound to develop on this sub- 
ject will eventually utterly discredit the 
spot test? 

That the use of these naphthas of 
higher solvent power would be a mistake 
is strikingly brought out by Mr. Born’s 
figures (in the two tabulations under 
“Effect of Adding Cracked Materials 
on Spot Test’) where the standard 
naphtha proves to be the only one that 
reveals the presence of 4, 6 and 8 per cent 
of cracked asphalt added to a “‘negative”’ 
asphalt, whereas the naphthas derived 
from the West Texas crude oils fail to re- 
veal a positive spot when, in some cases, 
as much as 8 per cent cracked asphalt 
has been added. Furthermore, in those 
two tabulations no naphtha was used 
having aloweraniline number than 114F. 
What is to be expected if the naphtha 
from Westbrook, showing 93 F. aniline 
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number, had been used? Even higher 
percentages of cracked asphalt than 8 
per cent could have been added with 
impunity. 

In brief, I feel (1) that Mr. Born has 
not proved that the small experimental 
residues that he prepared in his labora- 
tory and that tested positive had not 
been overheated or cracked in his distilla- 
tion; (2) that whenever the straight 
vacuum or steam-refined residues from 
natural crude oils react positive when 
tested with the standard naphtha, these 
residues are heterogeneous within the 
meaning of the standard spot test, 
regardless of their showing with naph- 
thas of higher solvent power; and more- 
over, a definite presumption of cracking 
or overheating or heat-breakdown of 
some type, either intentional or uninten- 
tional, also exists in such cases; (3) that 
to use a naphtha of higher solvent power 
than the standard has no basis in logic, 
is not consistent with our knowledge of 
petroleum technology and discriminates 
against the residues from other crude 
oils that do not happen to contain light 
fractions of equally high solvent power; 
and (4) that the use of naphtha of higher 
solvent power than the standard naph- 
tha will impair the ability of the spot 
test to detect wilful cracking, or wilful 
adulteration with cracked material, to a 
much greater degree than when the 
standard naphtha is used. 

Mr. SIDNEY Born? (author’s closure). 

-Mr. Oliensis laid great stress upon the 
fact that our distillations were carried 
out in 200-ml. flasks: That was merely 
the method described in our paper as a 
convenient laboratory method of prepa- 
ration. We have, however, substan- 
tiated these same results, not only in 
laboratory equipment of various sizes, 
but by large scale plant tests running 
thousands of barrels in vacuum at very 
low temperatures. 


2 Professor of Petroleum Research, University of Tulsa, 
Tulsa, Okla. 
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Mr. Oliensis has repeatedly referred 
to the “extreme susceptibility to over- 
heating that some of these West Texas 
crude oils display,” but nowhere does he 
present any experimental evidence to 
this effect. Apparently he has over- 
looked the fact that crude oils as well as 
asphalts contain many different hydro- 
carbons and other substances, some of 
which are soluble in certain solvents 
and some of which are not. The experi- 
mental work he carried out on adding 
large percentages of wax to certain 
asphalts is not at all pertinent to this 
subject as the quantities of wax he used 
and the temperatures he employed 
bear no relationship to those encountered 
in actual practice. Furthermore in 
working with West Texas crude oils we 
have never been able to obtain “the 
relatively course xylene-insoluble carbon- 
aceous bodies” that Mr. Oliensis referred 
to in his paper. 

Mr. Oliensis, in his 1936 paper, 
stressed the fact that mixtures of paraffin 
wax and certain asphalts would develop 
a spot test when they were heated for 
periods of time, varying from 20 min. 
at 500F., to 50 hr. at 210F. In 
these tests he used a mixture of 25 per 
cent paraffin wax and 75 per cent asphalt. 
This percentage of wax is far in excess 
of any ever encountered in practice. 
The highest percentage of wax in any of 
the asphalts we tested was 3.6 per cent. 

In modern asphalt practice by the use 
of vacuum stills, the asphalt is subjected 
to the temperatures we use only a frac- 
tion of a minute, in many cases only a 
fraction of asecond. The stills are very 
carefully designed and the asphalt goes 
through at comparatively high velocities, 
more than 15 ft. per sec. cold in 
many cases. Since both time and 
temperature influence reactions, if one 
has a very short time interval and a very 
low temperature, one cannot have much 
of a reaction. 


Ordinarily in petroleum work, we do 
not consider that any cracking takes 
place under 600 to 650 F. unless the oil 
is subjected to that temperature for 
very long periods of time. 

Another point Mr. Oliensis raised is 


that our proposed method would permit — 


the addition of cracked asphalts to 
straight-run asphalts or vacuum dis- 
tilled asphalts. Our data show that it 
would in certain cases permit the addi- 
tion of very small amounts of cracked 
asphalts, amounts that from a practical 
refiner’s standpoint would be quite 
impossible even if he wanted to be 
unscrupulous. 

I am not at all convinced that cracked 
asphalts are inferior to straight-run or 
vacuum distilled asphalts, and we may 
see the time when cracked asphalts will 
command a premium over straight run 
asphalts, just as cracked gasolines com- 
mand a premium over straight-run 
gasolines. 

Summing up the entire matter it is 
our opinion that the Oliensis test which 
was originally designed to differentiate 
cracked asphalts from steam refined or 
vacuum distilled asphalts tells nothing 
about the characteristics of asphalts 
except the reaction of these asphalts to a 
distorted test. If we would carry Mr. 
Oliensis’ reasoning further by using 
solvents having a higher aniline point 
than those he recommends we could 
obtain spots with any asphalt because 
the entire test is based on the relative 
solubility of the different materials 
present in asphalt to a solvent which has 
been arbitrarily chosen. 

While the present paper covers only 
West Texas asphalts, we now have in 
course of preparation another paper in 
which we find that this same condition 
that we have depicted here exists in 
other crude oils, notably those from 
Montana and New Mexico. 
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IN DENTATION AND COMPRESSION SHEAR TESTS FOR DETERMINING 
SERVICE STABILITY OF ASPHALT PLANK 


By H. W. GREIDER! AND HENRI Marc! 


SYNOPSIS 


This paper presents a comparison of the results of two methods of inden- 

tation testing for asphalt plank: (a) “compression shear,” run with a hydraulic 

. compression testing machine and (b) loaded sphere method, using the portable 
indenter developed by J. W. McBurney. Data are given for eight samples of 
asphalt plank tested at 32, 77 and 125 F. by both methods. 

Two methods of determining temperature susceptibility of plank from in- 
dentation data are presented. Limitations of field tests are brought out and 
determinations of hardness at a single temperature are shown to be insufficient 
to evaluate asphalt plank. A combination of tests is suggested to insure serv- 
ice stability and durability of asphalt plank used as bridge flooring. 

The composition of asphalt plank determined by standard analysis i is shown 


to be unrelated to its physical properties. 


The need for high stability in asphalt 
plank has become apparent, since some 
cases of failure of this bridge flooring 
material by excessive rutting or by 
movement of the slabs under heavy or 
fast traffic have been noted. Various 
indentation tests, giving results con- 
sidered.as indices of “‘hardness,” have 
commonly been used to determine 
stability and have been included in 
virtually all purchase specifications. 
These tests usually have consisted of 
applying a specified load to the surface 
of the plank through a spherical ball or 
a flat ended cylindrical plunger, for a 
stated time interval, and measuring the 
depth of indentation. 

It had become increasingly evident 
that these tests did not provide enough 
information about the stability of 
asphalt plank. The authors, therefore, 


1 Director of Research, and Research Chemist, respec- 


ively, The Carey. Manufacturing Co., Lockland, 


in 1932, developed a new method of 
stability testing, designated the “com- 
pression shear” test, consisting essen- 
tially of subjecting a flat-end loading tool 
to a load increasing at a fixed rate with 
respect to time. Penetration of the tool 
into the asphalt plank is measured for 
several different increments of load. 

The compression shear test is most 
conveniently made on a hydraulic type 
compression testing machine. A modi- 
fication of this test, adapted to the 
screw-type testing machine, has been 
adopted by the American Association 
of State Highway Officials for testing 
asphalt plank? at a single temperature, 
125 F. 

In 1934, McBurney* proposed an 
equation for relating depth of indenta- 


2A.A.S.H.O. Standard Specifications for Highway 
Motestets (5908); Specification M-46, p. 61; Method T-77, 
p. 212 

aj. W. McBurney, “Indentation of Asphalt Tile,” 
Proceedings, Am. Soc. — Mats., Vol. 34, Part Il, 
p. 591 (1934). 
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tion to time when a constant load acts a METHODS OF TESTING | 


upon a hemispherically ended indenting 
tool. The constants in McBurney’s 
equation are evaluated by measuring, 
indentation at two different times. At 
the March 6, 1936, meeting of Sub- 
committee D-4 on Asphalt Planks of the 
Society’s Committee D-4 on Road and 
Paving Materials at Pittsburgh, D. T. 
Colton of the Johns-Manville Corp. ad- 
vocated the use of the McBurney inden- 
tation tester as a means of specifying 
stability under load. The purpose of 
this paper is to compare the stability 
results obtained on identical samples of 
asphalt plank by the two methods, com- 
pression shear and McBurney indenta- 


Compression Shear: 


The compression-shear tests were run 
on an Amsler hydraulic testing machine 
of 20,000-lb. capacity, using the 
10,000-Ib. setting. A constant tempera- 
ture bath, 13 by 13 by 5 in., provided 
with a low-speed electric stirrer and a 
thermo-regulator controlling an immer- 
sion heater provided means for keeping 
the temperature constant during the 
tests; at 77 F. and at 125 F. the tem- 
temperature variation was kept within 
+ 1 deg. Fahr.; at 32 F. the maximum 
variation was 3 deg. Fahr., which was 
always positive. Two Ames dials to 


I.—Composition, Impact AND BRITTLENESS TEsTs. 


| Sample | Sample | Sample | Sample Sample Sample | Sample | Sample 
D-1 D- 


B-1 B-2 C-1 C-2 


1.0 1.0 


1.5 
Sher, par 15.8 16.8 


“To ensure greater uniformity of conditions in the nailing test, the wire nails were driven perpendicularly into the 
plank by a 10-lb. weight using a modified Johns-Manville impact machine, instead of the specified 6 to 8-lb. hammers. 


this investigation were made by three of 
the principal producers of the material 
and were obtained in the fall of 1936. 
Asphalt plank represented by samples 
A, B and C is being sold as bridge floor- 
ing, while that represented by D is a 
harder product sold for use as a railroad 
ballast waterproofing membrana Table 
I describes these samples in terms of 
composition, resistance to impact and 
percentage of specimens passing the nail- 
ing test.? 


load to the surface of the sample. 

The sample, 6 by 6 in. by the thick- 
ness of the original plank, was held at 
the required temperature for 2 hr.; it 
was then placed in the center of the 
bottom of the constant temperature 
bath, itself centered on the movable 
head of the testing machine. The 
square steel plunger, 2 by 2 in., was 
centered on the sample and the pressure 
applied until a total load of 25 lb. was 
registered on the Amsler dial (6.25 lb. 


1.0 5 1.5 1.5 
35.7 S | 42.9 | 42.7 | 32:3 | 41.7 
11.4 | 14.5 | 15.0 | 15.1 | 18:1 | 12.2 _ 
f Inorganic filler, per cent................. 41.4 50.2 52.9 51.0 42.1 42.2 49.6 46.1 
Impact value at 77 F., ft-lb... ..... 32.0 | 41.0 30.5 | 40.5 | 37.2 43.0 | 34.0 | 35.2 
Nailing test at 32 F., per cent passable®. . . . 0 25 50 25 100 100 0 0 
n- 
ol 
ol tion, at 32, 77 and 125 F., and to devise measure the deformations were attached 
. 
na measures of the effect of temperature on to the stationary head of the testing 
asphalt plank. machine, with their plungers resting on 
a the movable head; a flat-faced machined 
. ao steel plunger, 2 by 2 in. in cross-section, 
ii ro — 5 in. long, having its upper end a spheri- 
he The samples of asphalt plank used in cal segment, was used to transmit the 


q 


per sq. in.); this was done to eliminate 
any roughness which might exist on the 
surface under test. The Ames dials 
were then set at zero. The load was in- 
creased at the rate of 200 lb. per min. 
(50 lb. per sq. in. per min.) and the 
average reading of the dials taken at 
the end of each minute until a total load 
of 2800 lb. was reached for the tests at 
32 F. and at 77 F. and a total load of 


II.—DATA FROM COMPRESSION SHEAR 
TESTS. 
| Indentation, mils 
= m > | 
32 F. (0C.) 
| 25 | 32 | 37 | 39 | 41 | 46 | 51 | 56 
| 18 | 28 | 35 | 38 | 41 | 47 | 53 | S9 
B-1 17 | 25 | 32 36, 40 49 59 | 69 
25 | 37 | 45 | 48 | 51 | 58 | 65 | 71 
26 | 36 | 43 | 47 | 51 | 59 | 67 | 74 
21 | 34 | 46 | 52 | 58 | 69 | 80 | 91 
15 | 21 | 25 | 27 | 29 | 34 | 38 | 42 
_* Sapna 18 | 27 | 33 | 35 | 37 | 42 | 46 | 49 
77 F. (25 C.) 
| 9 25 | 42 53! 65 | 96 {141 {208 
15 | 35 | 58 | 71 | 84/116 |194 
37 | 59 | 93 114 142 |223 
| 26 | 38 | 52 | 58 | 65 | 82 102 1127 
27 | 45 | 63 | 74 | 84 |104 |129 160 
25 | 44 | 68 | 82 | 95 |124 |156 194 
D-1 22 | 29 | 36 | 39 | 43 | 52 | 61 | 72 
D-2. | 23 | 32 | 39 | 43 | 46 | 55 | 65 | 78 
125 F. (52 C.) 
| 71 |197 [275 1318 |... 
56 |102 |193 
7S 1146 (218 |260 
39 | $2 | 79] 92 


1400 Ib. for the tests at 125 F. Each 

test was run in duplicate. The average 

indentation in mils was plotted against 
_the load in pounds per square inch. 


_ McBurney Indentation: 


The portable instrument described 
and illustrated in the paper by 


McBurney*® was used in the constant 
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temperature bath described above. This 
instrument delivers a load of 30 lb. 
made up of an initial load of 2 lb. and 
an increment of 28 lb. Three diameters 
of spherical indenting tools, }, 4 and 
1 in., respectively, were used. 

The sample, 6 by 6 in. by the thick- 
ness of the original plank was held at 
the required temperature for 2 hr.; it 
was then transferred to the leveled con- 
stant temperature bath and the instru- 
ment placed near the center of one edge, 
the stop clock started at 10 sec. before 
zero and the nut rotated until the sphere 
just touched the surface of the sample. 
The Ames dial was quickly set to zero 
and the 28-lb. load released as the clock 
hand passed the zero mark. After the 
indenting sphere was fully loaded, read- 
ings of the Ames dials were taken after 
10, 30, 60, 120, 300 and 600 sec. Three 
determinations were made at widely 
separated points on the surface of each 
sample. The average indentation in 
mils was plotted against time in seconds 
on logarithmic paper. The values for 
a in the McBurney equation:* i = at”, 
were obtained by extrapolating the 
curves to 1 sec. The values of m were 
obtained directly from the plotted 
curves by dividing the distance between 
the identation at 7 sec. and that at 
4000 sec.® by the distance between those 
points on the abscissa. This method 
was checked against that using the 
logarithms of the values and substitut- 
ing in the equation and found to give 
the same results; being shorter it was 
adopted for all the calculations. 


Test RESULTS 


Table II shows the average results of 
compression shear test at 32, 77 and 
125F. Figure 1 shows these results 
graphically. In Table III are given the 


4 For a description of these terms, see p. 536. 
5 Keuffel & Esser logarithmic paper, 23 by 2 cycles. 
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Fic. 2.—McBurney Indentation Curves. 
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TaBLe III.—ConpeENnsep RESULTs OF INDENTATION TESTS WITH }, } AND 1-IN. SPHERICAL 


INDENTERS, 30-lb. WEIGHT. 


Maximum deviation of recorded points from straight line relation was 3.0 per cent. 


t-in. Indenter | Indenter 
Indenta- 
a e tion at 
a m 600 sec., a | m 
mils 

32 F. (O0C.) 
7.4 | 0.162 20.4 | 3.9 0.175 
9.6 0.176 29.4 2.6 0.223 
9.9 0.170 28.9 3.5 0.236 
11.8 0.100 21.9 5.0 0.135 
9.3 0.135 21.7 7.4 0.140 
8.8 0.143 21.9 6.5 0.143 
Ee ee 4.8 0.128 10.8 1.5 0.154 
2 ey 0.086 13.7 1.6 | 0.162 

77 F. (25 C.) 
20.1 0.246 97.0 15.5 | 0.197 
14.9 0.222 61.1 10.5 0.207 
19.8 0.277 114.4 16.4 0.224 
16.2 0.174 49.1 10.7 0.168 
Weck 23.8 0.175 80.6 15.2 0.157 
wi 22.4 0.185 80.8 17.6 0.148 
7.7 | 0.197 27.3 5.3 | 0.194 

125 F. (52 C.) 
43.3 0.281 


1-in. I ndenter_ 


Indenta- | Indenta- 
tion at e tion at 
600 sec., | = 600 sec., 
| mils mils 
54.2 10.9 0.202 39.7 
39.6 8.7 0.190 29.5 
68.0 11.3 0.195 39.6 
30.8 10.4 0.125 23.1 
47.2 11.9 0.146 33.9 
50.6 12.9 0.145 36.9 
18.2 4.6 0.165 13.2 
16.8 5.1 0.153 12.4 
261.0 32.3 0.249 160.0 
225.5 34.6 0.228 137.3 
390.07 55.0 0.216 217.0 
131.7 27.1 0.194 92.5 
169.0 41.0 0.119 98.1 
151.6 46.3 0.116 108.6 
92.7 18.2 0.207 67.4 
81.7 14.8 0.222 60.1 
I25¢. 


N 


N 


Log of McBurney Indentation at 600 sec., mils 


32to 77 F 
77 to 125 F 
32 to 125 F 


69 2.70 2.71 


Log of 


2.72 
Absolute 


2.73 


2.14 
Temperature , 


SAMPLE SAMPLE SAMPLE SAMPLE 
- -1 


deg. 


Fic. 3.—Indentation-Temperature Curves. 
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average results of the indentation tests, 
using the }, 3 and 1-in. spherical indent- 
ers, at the same temperatures; Fig. 2 
shows these results for the }-in. indent- 
ing tool plotted on a logarithmic scale. 
It will be noted that no results at 125 F. 
appear in Table III for the }-in. plunger, 
because indentations higher than 0.250 
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similar materials, at the three tempera- 
tures, as shown in Fig. 5. In order to 
measure the temperature susceptibility 
of the asphalt plank the rates of indenta- 
tion in the two methods, and relative 
indentations at the several temperatures 
were computed as indicated in Tables 
IV and V based upon the data in Tables 


TABLE IV.—TEMPERATURE SUSCEPTIBILITY FACTORS FROM COMPRESSION SHEAR INDENTATIONS, 
350 LB. PER SQ. IN. 


| 
Indentation Increase, mils salle per deg. Fabe. 
™ | a a ais 
A B Cc 

14 255 269 0.31 5.31 2.89 17.1 5.81 7.9 

33 272 305 0.73 5.66 3.28 7.8 4.83 9.0 

78 201 279 1.73 4.18 3.00 2.4 2.77 8.8 

10 99 109 0.22 2.06 1.17 9.4 re 3.3 

27 119 146 0.60 2.48 1.37 4.1 | 2.61 4.1 

30 178 208 0.68 3.71 2.24 5.5 | 3.17 5.0 

12 48 60 0.27 1.00 0.65 > * a 2.18 3.2 . 
8 49 57 0.18 1.02 0.61 sy 2.18 2.6 


TABLE V.—TEMPERATURE SUSCEPTIBILITY FACTORS FROM McBurRNEY INDENTATIONS, 600 SEC. 


| | 
B s/s | 
° ° ° ° 

A B Cc 

SC CO Ae 42.5 206.8 | 249.3 0.94 4.31 2.68 4.6 4.82 22.3 
29.0 185.9 | 214.9 0.64 3.87 2.31 6.0 5.69 21.3 
52.9 322.0 | 374.8 1.18 6.71 4.03 5.74 25.8 
19.1 | 100.9 | 120.0 0.42 2.10 1.29 5.0 4.27 11.3 
Se re 29.4 121.8 151.2 0.65 2.54 1.63 3.9 3.58 9.5 
38.6 | 97.3 | 135.9 0.86 2.02 1.46 2.79 9.7 
14.0 74.5 | 88.5 0.31 1.55 0.95 5.0 5.09 23.3 
12.2 64.9 | O27 1.35 | 0.83 5.0 4.86 17.8 


in., the maximum travel of the plunger, 
were obtained with most of the samples. 
With the 1-in. plunger, readings at 32 F. 
were so small as to be meaningless. 
Therefore, the }-in. plunger was chosen 
to compare indentations given by the 
McBurney instrument with those ob- 
tained under compression shear on 


II and III, respectively. A graphical 
method for showing the temperature 
susceptibility was devised by plotting in 
Fig. 3 the logarithms of McBurney inden- 
tations at 600 sec. against the logarithms 
of the absolute temperatures in degrees 
Fahrenheit, taken from Table III. Fig- 
ure 4, plotted from the data in Table ITT, 


| 
] 
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shows graphically the relationship be- 
tween the McBurney values of m and 
temperature for all the samples tested, 
using the }-in. plunger. 

In order to show more clearly the 
similarity of results obtained by the 
two indentation methods, the indenta- 
tions under compression shear at 350 lb. 
per sq. in. and the McBurney indenta- 
tions at 600 sec. were both plotted 
against temperature in Fig. 5. 


The compression shear curves given 
in Fig. 1 are practically all straight lines 


DISCUSSION OF TEST DATA 


Ww 


~ 
@ 


Values of “m,;” $-in.Plunger 


32 17 i25 
Temperature, deg. Fahr 


Fic. 4.—-Relation of m Values to Temperature. 


at 32 F., while at 77 F. and at 125 F. 
they show a tendency to become par- 
abolas. The indentations plotted 
against time in Fig. 2 show that all the 
planks tested follow the equation set up 
by McBurney for asphalt tile: 
= at™ 

where i = the indentation in mils, 

t = the time in seconds, 

a = the indentation in mils at 

one second, and 
m = the rate at which indentation 


increases with time. 
Hence, it is believed that this equation 
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correctly expresses the stability of plank 
at a given temperature. 

In considering the application of the 
McBurney equation to stability deter- 
minations on asphalt plank it is worth 
emphasizing that although the value of 
m is of major importance because of its 
exponential use in the equation, the 
value a, used as a multiplier, also has an 
important effect. Plank may have a 
relatively low m value and yet indent 
excessively if the a figure is too high. 

Because asphalt bridge flooring plank 
is continuously exposed to the weather 
and has to withstand traffic at both low 
and high temperatures, temperature 


> 
S 


CS- Compression - Shear Indentations 
MB- McBurney Indentations 


w 
=) 


N 


CS Indentation at 350 Ib per sq.in., mils 
B Indentation at 600 sec., mils 


Temperature, deg. Fahr. 


Fic. 5.—Indentation-Temperature Curves. 


susceptibility is one of its most impor- 
tant properties. As the general shape of 
the curves in Fig. 5 was seen to be par- 
abolic, when indentations at a specified 
time, both by the compression shear 
test and by the McBurney indentation 
method, were plotted against tempera- 
ture, it was thought that a definite value 
might be established for each asphalt 
plank tested, which would give its 
temperature susceptibility from the in- 
dentation data. 

By plotting the logarithms of the 
McBurney indentations against the log- 
arithms of the absolute temperatures, 
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Fig. 3 was obtained; it shows practically 
linear relationship for all samples, hence 
the following equation applies with ap- 
proximate accuracy: 


log 1 = c + k log T, or 
i = cT* 


where i = the indentation in mils at a 
specified time, 
T = the absolute temperature in 
degrees Fahrenheit, 
-€ = a constant dependent on the 
material and the load on 
the indenting tool at the 
fixed time, and 
_k = the rate at which indentation 
increases with tempera- 
ture, or the temperature 
susceptibility index. 
The calculated values of & given in 
Fig. 3 differ somewhat between the 
low-temperature range, 32 F. to 77 F., 
and the high-temperature range, 77 F. 
to 125 F. 

The different results obtained by the 
two methods of indentation testing are 
due to a basic difference in rate of load 
application. Under compression shear, 
the pressure increases at a uniform rate 
regardless of the hardness of the ma- 
terial, while in the McBurney test the 
pressure decreases at a rate inversely 
proportional to the hardness of the ma- 
terial under test; consequently the softer 
the material, the greater will be the dif- 
ference between compression shear and 
McBurney indentations. 

Table IV gives data on the indenta- 
tion increases under compression shear 
in the low-temperature range, 32 to 
77 F., in comparison with those in the 
high-temperature range, 77 F. to 125 F. 
The total indentation increase in the 
high-temperature range is particularly 
useful in predicting whether the plank 
will become too soft in hot weather, 
assuming the indentation at 77 F. in- 


dicates satisfactory stability at that 
temperature. Various ratios may be 
used to express temperature suscepti- 
bility, using compression-shear data, 
and values from three such ratios are 
given in the table. The values obtained 
indicate the importance of considering 
stability and temperature susceptibility 
together, since a plank may have a rela- 
tively low susceptibility factor and yet 
be of unsatisfactory stability, as an 
example, sample B-1. It should be 
noted that planks of differing thickness, 
although made of the same composition, 
will show different indentation behavior 
and the 13 in. thick samples, A-2 and 
C-2 illustrate this, showing higher in- 
dentations than A-1 and C-1, respec- 
tively. 

In Table V similar data on indentation 
increases in the two temperature ranges, 
obtained with the McBurney instru- 
ment, are given, together with three 
ratios expressing temperature suscepti- 
bility, similar to those presented in 
Table IV. From the results it appears 
that the ratio of the 600-sec. inden- 
tations at 125 F. and 77 F. affordsa 
satisfactory index of temperature sus- 
ceptibility, requiring only two determi- 
nations. 

When the values of m, the constant 
which expresses the tendency to indent 
with time, are plotted against tempera- 
ture in Fig. 4, samples C-1 and C-2 show 
the least change in numerical value over 
the temperature range of tests, while 
all the other samples show a compara- 
tively large increase between 77 F. and 
125 F. That this difference in behavior 
between C-1 and C-2 and all the other 
samples is one of structure is forcibly 
brought out by the fact that on the 
ash determination for analysis, when all 
the organic matter is burned off, the 
original size and shape of the plank 
samples are retained in the case of C-1 
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and C-2, while the other samples melt 
to the bottom of the crucible before 
burning off. This greater stability due 
to structure is also shown by the low- 
temperature susceptibility of those two 
samples (Fig. 3), by their relatively con- 
stant values of m up to 125 F., by their 
greater toughness under the impact test, 
and by their ability to withstand nail- 
ing at 32 F. without cracking. 

Samples D-1 and D-2 were included 
in this series of asphalt planks to show 
that the susceptibility factor is not the 
only criterion to be considered in the 
physical properties of this product, but 
that the hardness at each temperature 
is also of primary importance. The 
ideal material for bridge surfacing would 
of course be one which would have the 
same hardness at 32F. as at 125F. 
Asphalt planks, such as D-1 and D-2, 
which are extremely hard at 77 F. tend 
to be much too hard at 32 F. and con- 
sequently brittle at that temperature; 
this hardness is shown by the low in- 
dentations recorded for these two 
samples both under compression shear 
and under the McBurney indenter at 
32 F. The brittleness is shown by the 
results of the nailing tests given in 
Table I; this test, which may be criti- 
cized because it lacks a scientific basis, 
is nevertheless of great value to the user 
of asphalt plank who requires a plank 
that can be nailed to the bridge sub- 
floor either in winter or in summer. On 
the other hand too soft an asphalt 
plank, like B-1, will split under compres- 
sion shear both at 77 F. and at 125 F. 
and will also show an abnormally high 
McBurney indentation at 125F.; in 
service it will rut easily. 

The dynamic impact value of asphalt 
plank at 77 F. is also considered an im- 
portant property by the authors, espe- 
cially since a large number of asphalt 
plank installations are made over timber 
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sub-floors which move appreciably under 
the impact of heavy cars and trucks, 
causing the asphalt plank nailed and 
cemented to them to move with them. 
The impact test has been found to be an 
excellent criterion of the toughness of 
asphalt plank under repeated blows. 

In writing specifications for asphalt 
plank, it is suggested that at least one 
physical test at each of three tempera- 
tures should be required; at 77 F. and 
at 125 F. indentation tests should be 
made, either by the compression shear 
method or with the McBurney instru- 
ment, defining maximum limits for each 
indentation and a maximum limit on 
the ratio of the indentation at 125 F. 
to that at 77 F. At 32F. either in- 
dentation method might be used, setting 
a minimum limit to avoid unduly high 
hardness or specifying the nailing test 
to insure against brittleness at that 
temperature. An impact test at 77 F. 
should also be included to insure against 
failure under impact stresses in service. 

A large number of bridges surfaced 
with asphalt plank was tested with the 
McBurney instrument, using the }-in. 
spherical plunger at temperatures vary- 
ing from 60F. to 80F., but the data 
obtained were not considered accurate 
enough to include in this paper, because 
of the large temperature variations 
found between the surface of the 
planks and points } to 3 in. beneath the 
surface. The results of these determi- 
nations, while giving a fair indication of 
the hardness of the planking material 
by its indentation at 600 sec. and its 
rate of indentation increase with time, 
did not give any informa‘ion on tem- 
perature susceptibility. Another diffi- 
culty encountered after the field data 
were compiled was the lack of a definite 
relationship between the indentation 
at 600 sec. or the value of m and the 


size of the indenting tool. 


‘ 
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A study of Table I in conjunction 
with all the indentation data recorded 
for the eight samples will show a com- 
plete lack of relationship between com- 
position and physical properties, be- 
cause of the different types of asphalt, 
mineral fillers and organic fibers used by 
each manufacturer of asphalt plank; for 
this reason it is believed that asphalt 
plank specifications should based 
only on the physical properties of the 
product and nox on its composition. 


SUMMARY 


1. Two types of indentation test have 
been shown to be satisfactory for deter- 
mining the stability of asphalt plank: 
the compression shear method and the 
McBurney indentation method. 

2. It has been found that the equa- 
tion developed by McBurney for asphalt 
tile: i -—-— applies also to all the 


asphalt planks tested, at the three 
temperatures investigated. 

3. Methods of determining the tem- 
perature susceptibility of asphalt plank 
have been devised, both mathematically 
and empirically, by using data from 
either indentation test. 

_4. The relation between absolute tem- 
perature in degrees Fahrenheit and the 
McBurney indentation in mils after a 
specified time is expressed by the equa- 
tion = cT*. 

5. Supplementary test methods have 
been recommended for inclusion in pur- 
chase specifications for asphalt plank. 

6. It has been demonstrated that the 
physical properties, particularly stabil- 
ity, of one type of asphalt plank tested 
are associated with its rigid structure. 

7. It has been shown that, for all 
eight samples tested, no relationship 
exists between composition and physical 
properties. 
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«4 = at” relation? 


— Mr. J. W. McBurney! (presented in 
written form).—The writer understands 
the feelings of the mother who left her 
baby on the stranger’s door step and 
later sees and recognizes her child now 
walking and talking. Like the mother’s, 
most of my comments are questions on 
the childs upbringing and conduct: 

1. Working with ;%-in. asphalt tile, 
some rather definite evidence was ob- 
tained which indicated that the relation 
i = at™ failed to hold when the depth 
of indentation 7 exceeded one-half of 
the radius of the indenting sphere. It 
was recommended that the maximum 
depth of indentation be limited to one- 
third the radius if any considerable 
accuracy in the determination of m is 
desired. May not this, in part, explain 
the differences in the m when } and 
1-in. spheres are compared? With noth- 
ing more than a “hunch” as reason, re- 
placement of the sphere by a paraboloid 
of revolution had been suggested. It 
is the writer’s understanding that this 
works. 

2. The paper compares indentation 
in mils at 350 lb. per sq. in. for the com- 
pression shear test with indentation in 
mils at 600 sec. for the sphere. Since 
the compression shear test involves a 
uniform rate of loading, would it not be 


_ possible to express the results as a rate 


of indentation corresponding to the 
rates calculated by differentiating the 
Plotting these rates 
—_— pounds per square inch as was 


1Senior Te National Bureau of Standards, 


shington, D. C 


DISCUSSION 


done in a previous paper,” would provide 
a more direct comparison of the two 
methods. 

3. In the discussion of specification 
requirements it is not clear whether it 
is intended to use the 600-sec. indenta- 
tion alone or take account of the con- 
stant m. ‘Ten-minute indentation is a 
better basis for comparison than is one 
minute but a comparison based on 24-hr. 
or 1-yr. indentation is still better. 

4. The McBurney-Bowen indentation 
tester has its faults. Among these are 
the use of a considerable load (2 Ib.) 
for the initial load. It would be very 
much nicer from the standpoint of 
theory if the zero reading corresponded 
to zero load. Release of the 28-lb. load 
involves some impact. Whittemore? in 
1935 published some results on clay 
testing. He took elaborate precautions 
to insure zero load at zero indentation, 
and release of load without impact. 
His m’s reproduced to +0.0001. Whitte- 
more’s first method consisted in using 
an increasing load on a flat ended pin. 
His final and recommended method in- 
volved a constant load acting on a 
sphere. 

Mr. D. T. Corton* (presented in 
written form).—The conclusions of Grei- 
der and Marc with regard to the appli- 
cation of the McBurney equation to 
asphalt plank agree closely with results 

2J. W. McBurney, “Indentation of Asphalt Tile,” 
Proceedings, Am. Soc. Testing Mats., Vol. 34, Part II, 
Fig. 4, p. 599 (1934). 

aj. W. Whittemore, “‘Mechanical Methods for the 


Measurement of the Plasticity of Clays and Mixtures of 


Clay,” Journal, Am. Ceramic Soc., Vol. 14, No. 11, pp. 
352-359 (1935). 


4 Research en Johns-Manville Research Lab- 
oratories, Manville, N. j ——e 
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which have been obtained at this labo- 
ratory. In this latter work, two types 
of plank as manufactured by three pro- 
ducers were examined. Plain and min- 


TABLE I.—AVERAGE INDENTATION DATA ON 
PLAIN ASPHALT PLANK. 
McBurney-Bowen indentation tester with 1-in. indenter. 


Indentation, mils | 


The McBurney-Bowen Indentation 
Tester was employed in making this 
study. All tests were conducted ina 
large water bath. Circulation and auto- 


TABLE II.—AVERAGE INDENTATION DATA ON 
MINERAL SURFACED ASPHALT PLANK. 
McBurney-Bowen indentation tester with 1-in. indenter. 


(Thick-| Thick-| Indentation, mils 
Sample _ ness, |- Sample ness, ——| » 
in. | 30 | 60 | 600 in. | 30 | 60 | 600 
sec. sec. sec. | sec. | sec. sec 
32F. 
1 11.4 | 17.2 | 0.179! 5.3 12.2 | 17.8 | 0.164) 6.2 
14 |......| 10.9 | 16.6 0.182) 5.0 10.9 | 16.1 | 0.170) 5.3 
1} 10.5 | 15.2 0.161 5.4 11.5 | 16.5 0.156, 6.1 
6.0! 8.4] 0.146] 3.3 4.4 6.5 | 0.169) 2.2 
6.0 8.8 0.166 3.1 4.2 | 6.1 | 0.162) 2.1 
14 5.6| 7.8, 0.144 3.1 4.8) 6.8| 0.151) 2.6 
Z.. | 6.1 | 8.4/| 0.139) 3.4 Z4....... 6.3| 8.4| 0.125) 3.8 
| 6.6| 9.110.140) 3.7 ik 6.5 | 8.9 | 0.136 3.7 
6.8 9.2 0.131) 3.9 | 6.1 | 8.8 | 0.159) 3.2 
x 39.2 | 59.2 0.179 18.9 X-4 | 41.4 | 64.7 | 0.194! 18.8 
34.0 49.2 0.160 17.5 1} | 37.5 | $7.7 | 0.187| 17.5 
30.3 | 46.3 | 0.184, 14.3 1} | 37.1 | 55.5 | 0.175) 18.3 
| 21.9 | 33.0 | 0.179) 10.5 14.0 | 20.5 | 0.165) 7.1 
18.1 | 25.9 | 0.155; 9.8 16.0 | 25.0 | 0.193) 7.2 
14 16.1 | 24.9 | ans 7.5 Oe Be 14.6 | 21.2 | 0.162) 7.5 
| 
1 (17.7 | 25.7 | 0.162) 9.1 18.2 | 27.7 | 0.182) 8.6 
16.7 | 24.8 | 0.172) 8.2 18.5 | 27.8 | 0.176 8.9 
14 18.0 | 26.6 | 0.170} 9.1 18.4 | 25.9 | 0.148) 10.0 
MSF. (300 | | (300 | 
| sec.) | sec.) 
x..........1 1. {100.3 |115.7 |162.3 | 0.209! 51 X-1 1 118.3 |137.7 [193.0 | 0.212! 57 
14 |100.0 116.0 161.0 | 0.207) 49 1i 108.3 |128.3 182.2 0.225) 50 
14 | 90.3 105.5 146.7 0.210 44 14 87.2 |102.5 147.2 0.228 40 
1 55.5 | 63.0 | 83.2 0.176) 31 Y-1 1 50.7 | 57.7 | 75.5 | 0.173) 28 
14 | 52.5 | 61.2 82.0 | 0.194) 27 1h | 45.0 | 51.8 | 70.7.| 0.196) 22 
14 | 47.8 54.8 73.3 0.186 25 1h | 46.7 | 53.2 | 69.2 | 0.170] 26 
Eee 1 50.7 | 59.0 82.7 | 0.212) 24 ee 1 45.7 | 52.3 | 73.0 | 0.204) 23 
1k | 48.5 | 56.8 81.5 0.225! 23 14 | 48.3 | 56.0 | 78.0 | 0.209| 24 
51.5 59.8 | 85.3 0.220) 24 1} | 46.7 | 54.7 | 77.0 | 0.217] 22 
140 F 140 
| 1 {196.5 |239.5 |...... 0.286! 77 
14 1193.7 |263.3 |... 0.443|...... 14 |193.0 227.5 |...... 0.237, 86 
| 1% 1173.7 |200.6 0.205) 83 14 174.7 202.9 |...... 0.214 81 
1 97.4 109.9 0.175 55 Y-1 1 85.8 96.0 ...... 0.161 48 
(101.8 114.3 0.166) 59 87.2 | 97.6|...... 0.161, 50 
1 84.1 92.8 0.138 52 1 70.6 | $6.6 1.640. 0.122) 52 
| 
1 94.2 107.7 |...... 0.193) 48 1 96.8 110.6 ....... 0.193) 51 
13. 89.7 104.2 ......, 0.218) 43 13 | 93.8 |106.9 |...... 0.188) 48 
14 90.8 105.8 .. 0.220 44 14 | 95.9 |110.9 |...... 0.209) 45 


eral surfaced specimens were tested in 
three common thicknesses. Data are 
presented for McBurney tests made on 
asphalt plank at temperatures of 32, 77, 
115 and 140 F. 


matic temperature regulation were pro- 
vided as well as storage space for speci- 
mens during conditioning. 

The indentation procedure closely 
paralleled that described in the paper 
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except that readings of indentation were 
taken at different time periods. All 
specimens were tested at four tempera- 
tures, samples being conditioned for not 
less than two nor more than three hours 
prior to test. A 1-in. indenter was used 
in the McBurney machine. All tests 
were performed by the same operator. 
Indenting periods were chosen to give 
suitable readings without exceeding the 
capacity of the indenter. 


TABLE IIIT.—AVERAGE INDENTATION DATA 
ON ASPHALT PLANK AT 115 F. 
McBurney-Bowen indentation tester with 1-in. indenter. 


2 

Indentation, mils Ou 
—| 
300 sec. | 
Thick | 
Sample | ness, 
in 30 | 0 ~ | 

sec. | sec. | 
| 
| 2 | 

| 

PLAIN 
1 {100.3 {115.7 |163.0 {162.3 | +0.4 
14 (100.0 |116.0 159.6 161.0 | —0.9 
14 90.3 |105.5 |147.2 146.7 +0.3 
ase icrecs 1 | 55.5 | 63.0 | 84.5 | 83.2 +1.6 
1} 52.5 | 61.2 | 81.7 | 82.0 | —0.4 
14 | 47.8 | 54.8 | 72.3 | 73.3 —1.4 
ere 1 $0.7 | 59.0 | 81.8 | 82.7 | —1.1 
1; 48.5 | 56.8 | 81.1 | 81.5 | —0.5 
14 51.5 | 59.8 | 85.7 | 85.3 | +0.5 
MINERAL SURFACED 

1 118.3 (137.7 |190.6 (193.0 —1.2 
1} 108.3 |128.3 )180.3 182.2 —1.0 
| 87.2 102.5 |146.6 147.2 | —0.4 
V1 1 50.7 57.7 | 75.0 | 75.5 —0.7 
1; 45.0 | 51.8 | 68.7 | 70.7 —2.8 
46.7 53.2 | 68.6 69.2 —0.9 
Z-1 1 45.7 | 52.3 | 72.0 | 73.0 | —1.4 
1 48.3 | 56.0 | 78.9 | 78.0 | +1.2 
1 46.7 54.7 | 75.9 | 77.0 —1.4 


The choice of a 1-in. indenter was 
made as a result of an exhaustive series 
of tests using }, 3 and 1-in. indenters. 
It was found that certain plank showed 
indentations too high for the smaller 
indenters at temperatures of 115 F. and 
above. Discrepancies which may be 
observed in the Greider and Marc data 
due to the choice of too small an in- 
denter are discussed later. 
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Values of a were obtained by extrap- 
olation from curves of indentation 
against time as plotted on log-log paper. 
Values of m were computed. Properly 
chosen indentation periods simplify the 
computation of m values. 

In McBurney’s equation i = 
can be shown that 


at™, it 


m = log if log (‘:) = 1 
12 


thus, if time periods of 600 and 60 sec. 
or 300 and 30 sec. are chosen, m values 
may be found rapidly and accurately by 
means of a slide rule. 

Typical specimens of each type of 
plank were analyzed. Percentage com- 
position and characteristics of recovered 
bitumen were obtained. Small patties 
ig in. thick were made from the asphalt 
recovered and subjected to indentation 
tests with the McBurney machine at 
77 F. (1-in. indenter). 

Field indentations on asphalt plank 
installed on bridge decks were made 
with the McBurney-Bowen indentation 
tester. Temperatures were measured 
with black bulb thermometers. Stand- 
ard samples of plank were tested in the 
laboratory and then taken into the field 
and tested under conditions prevailing 
on each bridge. 

Average indentation data for plain 
asphalt plank are given in the accom- 
panying Table I. Values of mand a are 
included. Corresponding data for min- 
eral surfaced plank are found in the 
accompanying Table II. Each indenta- 
tion value in Tables I and II represents 
the average of at least nine individual 
readings, equally divided among three 
specimens. 

In order to show the close check be- 
tween actual and computed indentation 
values when proper size of indenter is 
employed, Table III was drawn up from 
portions of Tables Iand II. Data were 
tabulated for indentations at 115 F. 
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iG. 1.—Kelation of m Values to Testing Temperature, 14-in. Asphalt Plank. 
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‘Relation of a Values to Testing Temperature, 1}-in. Asphalt Plank 
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Fic. 3. 
Bowen indentation tester—1-in. indenter. 
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Bridge A installed 1933 
60 rs 1934 
min minimum traffic lane 
50 + —4 


Indentation , mils 


Time 


Time-Indentation Curves—Asphalt Plank. Typical bridge installations. McBurney 


_ Fic. 4.—McBurney Machine in Use on Asphalt Plank Bridge Surface. 
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Indentations at 300 sec. were computed 
from 30 and 60-sec. values. Differences 
between actual and computed indenta- 
tions are shown as percentages of the 
observed figures. 

In Table IV, typical percentage com- 
positions of the various plank specimens 
are shown. Melting point, penetration 
and McBurney indentation values are 
given for the recovered bitumen. 

The accompanying Fig. 1 shows values 
of m plotted against temperature for 
plain and mineral surfaced plank. Data 
for these curves are those in Tables I 
and II for 13-in. plank. Similarly, the 
accompanying Fig. 2 shows a values 
plotted against temperature for 1}-in. 
asphalt plank. 

The accompanying Fig. 3 shows 
graphically the results of a series of in- 
dentation tests on six bridges. Where 
available, indentation data are given for 
maximum and minimum traffic lanes on 
a bridge. All results are calculated to a 
temperature of 77 F. 

The accompanying Fig. 4 shows an 
indentation test in progress on bridge 
plank in the field. 

Greider and Marc have confirmed our 
conclusions of a year and one-half ago 
regarding the applicability of McBur- 
ney’s equation 7 = at” to asphalt plank 
indentations. A definite indication of 
the accuracy with which this equation 
may be used to compute indentations is 
found in the accompanying Table III. 
The extremely low percentage deviation 
between computed and observed inden- 
tations is explained by the fact that each 
line of data represents the average of at 
least nine readings. Thus, the _ indi- 
vidual variation is not indicated. 

Examination of the data in the ac- 
companying Tables I and II points to 
some interesting conclusions. Plain and 
mineral surfaced plank show similar 
indentation behavior. Variations in 
plank thickness apparently may cause 


more pronounced changes in indenta- 
tions than alteration of surfacing. How- 
ever, these effects vary with the source 
of the material. Plank represented by 
group X tend to be somewhat more re- 
sistant to penetration in greater thick- 
nesses. Plank groups Y and Z do not 
show any consistent changes with thick- 
ness. 

In general, group X represents a plank 


material which is poorly suited for use — 


as a bridge surfacing. Groups Y and 
Z show good resistance to indentation 
at all temperatures. Material X, hav- 
ing slightly lower m values would indent 
less under relatively long time static 
load than would plank Z. At the higher 
temperatures, material Z would be less 
indented by moving loads than material 

Due to the large indenting plunger 
used, relative to thickness of sample the 
compression-shear test may give false 
comparisons between plank of different 
thicknesses. This effect may be ob- 
served in sample C-1 and C-2 of the 
Greider and Marc data. 
of identical composition, were 1 and 13 


in. in thickness, respectively. At all 


three temperatures, the Greider and 
Marc compression-shear tests indicate 
that the thinner plank is harder. 
McBurney indentation tests on the 
same materials show that the 1-in. 
plank is softer than the 1}-in. material 
at 32 F. and 125 F. and slightly harder 
at 77 F. 

In applying the McBurney equation 
to asphalt plank, variation in the ex- 


ponent m is caused by change in mate- — 
rial and temperature. Greider and Marc 


recognized this fact but also further 


stated “‘its value increases rapidly at — 
Reference 


temperatures above 77 F.” 
to the accompanying Fig. 1 shows m 


values increasing with temperature to — 
115 F. and then dropping off when the 
temperature was further increased to 


These plank, 
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140 F. This effect was not observed by 
Greider and Marc at 125 F. although it 
was indicated by their samples C-1 and 
C-2. The explanation for this phenom- 
enon lies in the physical structure of the 
plank. At high temperatures, the bitu- 
men in a plank no longer controls resist- 
ance to indentation. This resistance 
is provided by the fibrous structure or 
filler, which is not softened by heat. 
Samples Y and Y-1 exhibit excellent 
structure; other samples do not. Mc- 
Burney indentation tests were made at 
77 F. on bitumens extracted from vari- 
ous plank samples (accompanying Table 


TABLE IV.--ComposiITION OF ASPHALT PLANK 
AND CHARACTERISTICS OF RECOVERED 
BITUMEN. 
SAMPLE SAMPLE SAMPLE 
xX 7 


Percentage composition: 

Mineral matter......... 47.2 46.1 41.3 

Organic fiber 
Characteristics of recovered 

bitumen: 
Ring-and-ball melting 

point . 221F. 207F. 228F. 
Penetration—32 F. 

200-g. weight, 60 sec.. . 11 4 4 
Penetration—77 F. 

100-g. weight, 5 sec... . 18 s K 
Penetration— 115 F., 50-g. 

weet, 16 12 
McBurney indentations on 

bitumen, mils: 


30 sec.—77 F. ; 85.0 38.0 43.5 
GO sec.—77 98.0 44.0 §1.0 
300 sec.—77 F.......... 129.0 62.5 71.8 
Value of a, mils........ 46.0 18.2 20.8 


IV) but unfortunately could not be 
made at higher temperatures. 

McBurney stated that if m exceeds 
(0.20, asphalt tile indent deeply as a rule. 
Apparently, some similar limit may be 
set for asphalt plank. Note that m 
values for samples Y and Y-1 are below 
0.190 at all temperatures (accompany- 
ing Fig. 1). 

The accompanying Fig. 2 shows that 
values of a increase rapidly as tempera 
ture is raised. In a general way, u 
values remain in corresponding relation 
ship at various temperatures. In 
asphalt plank, a may be considered as a 
measure of resistance to indentation by 


traffic (moving loads instantaneously 
applied). 

Several characteristics of indentation 
must be controlled by a specification 
which would be considered suitable for 
asphalt plank. The Greider and Marc 
susceptibility relationship between inden- 
tation and temperature is of theoretical 
interest only. Computations of sus- 
ceptibility factors should not be neces- 
sary in specification testing. If m is 
controlled by suitable indentation limits 
for 1- and 10-min. readings at some 
normal temperature, such as 77 F., and 
if increase in a with temperature is kept 
to a minimum by a maximum allowable 
30-sec. indentation at some higher 
temperature, such as 115, 125 or 140 F., 
a specification can be written which 
would describe plank with optimum 
indentation resistance. 

Reference to Table III of the paper 
shows that the }-in. indenting point 
limit of 125 mils was exceeded in six of 
the eight measurements at 125 F. This 
would result in excessive measured in- 
dentation and high m values. 

The accompanying Fig. 3 shows time- 
indentation curves for six typical bridge 
installations of asphalt plank. Bridges 
are lettered in order of approximate 
traffic density, bridge A having about 
1500 cars per hour and bridge E about 
25 cars per hour. Approximate paral- 
lelism is found between indentation 
curves in maximum and minimum traffic 
areas for each structure. Note that 
maximum traffic area shows higher in- 
dentations than does the little travelled 
portion of the bridge surface in each 
case. This implies a softening of asphalt 
plank with service, that is, mechanical 
working of plank under traffic results in 
slight indentation increase but no 
marked changes in m values. 

These data on bridge installations of 
asphalt plank are extremely interesting. 
However, measurements made in the 
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field are subject to many variations. 
The most important of these are vibra- 
tion of bridge structure and lack of tem- 
perature control. Although the curves 
in the accompanying Fig. 3 are prepared 
from scores of individual readings, fur- 
ther work is being performed on samples 
brought into the laboratory where con- 
ditions of test may be controlled. 
Messrs. H. W. GREIDER® AND HENRI 
Marc® (authors’ closure, by letter). 
From a study of their own data, the 
authors find it difficult to agree with 
Mr. McBurney’s statement that the 
differences in the m value when } and 
1-in. spheres are compared are primarily 
due to errors caused by indentations ex- 
ceeding one-half of the radius of the in- 
denting sphere. The maximum devia- 
tion of recorded points froma straight-line 
relation is only 3.0 per cent and all but 
two of the curves at 125 F. in Fig. 


‘have an indentation under 125 mils at 


60 sec., the second point used in the 
calculation of the straight-line relation, 
the first being taken at 30 sec. This 
difference of opinion in regard to the 
value of m will only be settled when a 
true paraboloid of revolution can be 
used as the indenting point. 

The authors agree with Mr. Mc- 
Burney that it might be possible to 
express the comparison between the two 
indentation methods somewhat differ- 
ently than was shown in Fig. 5, but they 
merely wished to show that a general 
relationship exists between the results 
obtained by the two methods of inden- 
tation testing. In the discussion of 
specification requirements, 600-sec. in- 
dentations at two temperatures are 
suggested to exclude asphalt planks with 
abnormally high a values as well as 
those with high m exponentials. 

The two faults of the indentation 


’ Director of Research, and Research Chemist, respec 


tively, The Philip Carey Manufacturing Co., Lockland, 
Ohio. 


tester mentioned by Mr. McBurney 
were noticed early in the work, espe- 
cially at the higher temperatures, and 
for this reason a 10-sec. maximum time 
of application of the 2-lb. load was 
strictly adhered to; nothing could be 
done about the impact produced by the 
addition of the 28-lb. load. In spite of 
Mr. McBurney’s criticisms of the in- 
strument of his own design, we feel 
indebted to him for giving us an addi- 
tional and convenient method of deter- 
mining the consistency (stability) of 
industrial plastic materials. 

The authors also wish again to give 
due credit to Mr. Colton who, having 
used the McBurney indenter in con- 
nection with asphalt tile, recognized its 
possibilities as a testing instrument for 
asphalt plank. A comparison of the 
data submitted by Mr. Colton and the 
authors’ data may be misleading, as, 
of the three types of asphalt plank 
tested by him, only the sample Y cor- 
responded to sample C in the paper in 
general structure and manufacturing 
formulation, the others being entirely 
different in properties and composition. 

The authors consider Mr. Colton’s 
data on the variations of indentation 
with plank thickness interesting, but 
beyond the scope of a discussion of the 
paper. That such variations should 
exist is not difficult to understand when 
one considers that the pressure exerted 
on the planking material as it goes 
through the extrusion die varies in- 
versely with the cross-section of the 
individual die, as well as with the die 
temperature and that of the material 
before extrusion, regardless of its compo- 
The difference in relative hard- 
and C-2 
when tested by both indentation meth 
ods was taken by Mr. Colton as being 
an indication of the shortcomings of 
the compression shear test. This is 
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not true, however, when bottom effects 
are taken into consideration in conjunc- 
tion with compression tests on plastic 
materials. These are not shown in 
results obtained with the McBurney 
indenter because of the low pressures 
to which the material is subjected under 

that test. 
Had the authors chosen to publish 
all their data on McBurney indentations 


instead of only those which could be 
correlated with compression shear re- 
sults, the decrease in m value at 140 F. 
for sample C would have been brought 
out in the paper; observations on this 
_ property on material similar to sample 
C were communicated privately to Mr. 
Colton in’ December, 1936. 
The authors definitely do not agree 
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with Mr. Colton in his statement that 
the temperature susceptibility relation- 
ship is of theoretical interest only, 
since all his data, as well as the authors’, 
show that asphalt plank is a thermo- 
plastic material which fails primarily 
because of excessive indentation at ele- 
vated temperatures; they are of the opin- 
ion that in writing specifications, the 
limits set at the higher temperature 
should be computed from those required 
at the lower temperature, using a reason- 
able temperature susceptibility factor. 

The authors wish to thank Messrs. 
McBurney and Colton for their thor- 
ough study of this paper and hope that 
its discussion will justify an old French 
proverb that “from the impact of ideas 
comes light.” 
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DEVELOPMENT OF INTERNAL STRUCTURE IN ASPHALTS WITH TIME 


By R.N. 


SYNOPSIS 


ment of internal structure. 


present. 
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TRAXLER! AND C. E. Coomne" 


The increase in consistency of asphalts with time indicates the develop- 

This structure is developed more rapidly in air- ' 
_ blown than in steam- or vacuum-refined bitumens; it is partially or wholly 
eliminated by heating or mechanical working. 
age-hardening appears to be chiefly dependent on the nature of the bitumen 


In asphalt-mineral mixtures 


It has been indicated that the higher the rate at which internal structure 
develops, the more marked the deviation from viscous flow. 

Asphalts with high rates of age-hardening and definite deviations from 
viscous flow give characteristic microscopic patterns when the surfaces are 
etched with ethyl ether or 86° Baumé naphtha. 
have low rates of age hardening and show no surface patterns. 


Essentially viscous asphalts 


The explanation offered for the increase of consistency with time is that a 


Recently it was shown* (1) that the 
consistencies of asphalts increase with 
time, (2) that the rate of increase varies 
with the kind of asphalt, and (3) that 
unless several thousand hours have 
elapsed the increase in consistency can be 
partially or wholly eliminated by heating 
or mechanical working. In the present 
paper further data are given and the 
dependence of the age-hardening of an 
asphalt on its internal structure is 
discussed. 


EXPERIMENTAL PROCEDURE 


Several small-size falling coaxial cylin- 
der viscometers* (sample volume = 16 


_ Research Division, Technical Bureau, The Barber 

, Inc., Maurer, N. 

with Barber Co., Inc. 
Technical Dept., 
Buffalo, N N. Y. 

Traxler and H. E. Schweyer, “Increase of Vis- 
cosity of Asphalts with Time,” Proceedings, Am. Soc 
Testing Mats., Vol. 36, Part II, p. 544 (1936). 

*R. N. Traxler and H. E.'S schweyer “Measurement 
of High Viscosity—a Rapid Method,” Proceedings, Am. 
Soc. Texting Mats., Vol. 36, Part II, p. 518 (1936). 


Present address: 
_I. du Pont de Nemours and Co., 


gradual isothermal sol-gel transformation takes place, 
which depends on the source and method of processing. 


the magnitude of 


cu. cm.) were filled with the material to 
be tested and then stored at a constant 
temperature (25 C., 77 F.). At desired 
intervals a viscometer was removed from 
the constant-temperature cabinet and 
the consistency determined at 25 C. 
(77 F.). 

A simple control viscometer utilizing 
the principle of the falling coaxial 
cylinder was recently developed®; this 
apparatus has been used successfully in 
recent age-hardening studies. 


ESSENTIALLY Viscous BITUMENS 


The essentially viscous asphalts and 
bitumens studied have been found to 
give a linear relationship between log- 
viscosity and log-time.* This is ex- 
pressed by the equation 


5R. N. Traxler, “The Flow Properties of Asphalts 
Measured in Absolute Units,” Symposium on Consistency, 
Am. Soc. Testing Mats. (1937). (Symposium available as 
publication.) 
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viscosity in poises at 25 C. 
(77 F.), 


t time of aging in hours, and 
_ m and 6 are constants. 


Since the rate of increase of viscosity 
with respect to time is not constant but 
is a function of the viscosity and the 
time, the age-hardening has been arbi- 
trarily evaluated by the rate of harden- 
ing at 100 hr. This value has been 
called the Asphalt Aging Index (A.A.I.)* 

Table I lists in order of increasing 
A.A.I. the bitumens that have been 
found to obey Eq. 1. 


where 7 


Designation Source (Type) 

Californian 

Califomian 

| Trinidad oil 
| Kansas 
| Venezuelan | 

: G.......| Fluxed Refined Trinidad Native Lake |. . 
Mid-Continent 
Venezuelan 

Venezuelan 
Venezuelan | 

— 
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refined asphalt of 50 penetration shows 
very slight elastic and quasi-viscous 
effects; in batch steam-refined Venezue- 
lan asphalt of 50 penetration the flow 
properties are definitely anomalous. The 
complexity of the flow properties has 
been found to be directly related to the 
degree of colloidality of the asphalt.** 

It was found that in most cases the 
viscosity of an age-hardened asphalt 
could be decreased markedly by heat. 
This was shown when samples which 
had age hardened for several thousand 
hours were remelted in the viscometer, 
allowed to cool, and the viscosity deter- 
mined as soon as a constant temperature 


TABLE I.—-PuysicaL CHARACTERISTICS AND A.A.I. at 25-C. (77 F.) For Various BITUMENS. 


Softening | 


Penetration, | Point, Ring-| A.A.I. 
Process 77 F., 100-g. and-Ball | at25C. 
weight, 5 sec.| Method, (77 F.) 
| deg. Fahr. 

Vacuum 35 122 0.012 
Vacuum 55 } 117 0.018 
19 130 0.024 
Batch steam 55 | 121 | 0.026 
Pressure still 77 109 . 0.035 
Vacuum 57 124 0.037 
56 127 0.038 
Vacuum 56 123 0.039 
Vacuum 167 103 0.039 
Vacuum 55 126 0.051 
Batch steam 63 125 0.063 
Batch steam 53 128 0.071% 


* This asphalt did not give a straight line on the log-log plot. The A.A.I. value was taken from the best straight line 


calculated from the experimental data up to 1000 hr. 


The oil asphalts listed in Table | 

would be called homogeneous by the 

Oliensis Test.°:? However, judging from 
the extent of the anomalous flow prop- 

erties encountered in these different 
kinds of asphalt, the internal structure 

does seem to increase, in a general way, 

with increasing A.A.I. values. Cali- 
fornian asphalt of 35 to 50 penetration 
displays practically no anomalous char- 
acteristics while Venezuelan vacuum 


¢G. L. Uliensis, Qualitative ‘Lest tur Determininy 
the Degree of Heterogeneity of Asphalts,’’ Proceeding, 
Am. Soc. Testing Mats., Vol. 33, Part II, p. 715 (1933) 

7G. L. Oliensis, “A Further Study of the Heterogeneity 
of Asphalt—a Quantitative Method,” Proceedings, Am. 
Soc. Testing Mats., Vol. 36, Part II, p. 494 (1936). 


had been attained. Such behavior 
shows that a large proportion of the 
increase in consistency of asphalts with 
time (during the first few thousand 
hours) is due to a reversible process 
occurring within these colloidal ma- 
terials. 


Non-Viscous ASPHALTS 


Age-hardening characteristics were de- 
termined on three air-blown asphalts of 


Traxler and C. E Coombs, Colloida! 
Nature of Asphalt as Shown by Its Flow Properties,” 
Journal of Physical Chemistry, Vol. 40, p. 1133 (1936) 

%J. P. Pfeiffer and P. M. Van Doormaal, “The Rheo 
logical Properties of Asphaltic Bitumens,” Journal, Inst 
Petroleum Technologists, Vol. 22, p. 414 (1936). 
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S about the same ring-and-ball softening 72 mint —- : 
S point. These asphalts, all of which i| | HOLT | 
were quasi-viscous (non-Newtonian),!” 10 | 
were prepared from the same type of | {I 
e Venezuelan petroleum but possessed > Aspett| | / 
different characteristics depending upon 68/- 
e the extent to which they had been & | | | | oY 
blown. The physical characteristics of > 66 alt Ni 
e these asphalts are recorded in Table Il. & 
It Several viscometers were filled with 
t. each of these asphalts, the samples aged “TT 
id TABLE II.—PROPERTIES OF AIR-BLOWN 6.2 
. ASPHALTS. | 10 100 1000 10000 
Elapsed Time, hr, log scale 
Penetrations 
ire ae Fic. 1.—Increase of Consistency with Time. 
Point, 
Designa- | Ring-and 10 
~ 
M....| Slightly 16 54 270 133 a 1 
) N.... Moderately 34 | 127 > 
| 
TaBLe IIL.——Data For AGE-HARDENING OF AIR 64 Asphalt 
5 BLOWN AsPHALTs AT 25 C. (77 F.). 
9 Asphalt M Asphalt N Asphalt O 7 6.2 
9 | 10 100 1000 10000 
3 “‘Appar- “‘Appar- “Appar 
12 Time of | ent Vis-| Time of | ent Vis- | Time of | ent Vis- Elapsed Time, he, log 
line x 106 10-6 10 Mixture I. 
25 644 4.25 3.16 325 201 74 
vior 24.5 | 7.30 290 3.49 28.0 2.83 | Hit 
4990 751 530 371 49.0 2.97 ||| fone | 
the 120.0) 31 1240 3.92 1000 3.37 5 Limes 
336.0 887 3160 451 3390) 445 Asphalt F 
with 6980 9 61 6990 5 10 699.0 5 50 
1538.0 10.7 17270 609 | 15410, 6.91 | |] 
sand 3025.0 | 12.2 3002.0 695 | 3026.0) 7 88 ti 
yCeSS 
at 25C. (77 F.) and determinations > 68 | 
made at that temperature at intervals | 
up to 3000 hr. Since these asphalts ~— \ Asphalt Aone Hl 
were non-Newtonian liquids, the same 66 
load (mean shearing stress = 4400 | | | 
dynes per sq. cm.) was used for all of the 64 00 I 
a tests in order that the values for “appar- | 10 100 1000 10000 
J 
30). : Elapsed Time, hr., log scale 
‘ 1 ‘© A non-Newtonian liquid is one in which the rate of F 1G. 3.—Viscosity-Time Relationship for 
Pe, er shear is not proportional to the shearing stress. Mixture IIT. 


ent viscosity” would be more nearly 
comparable. The increases in consist- 
ency which occurred with time are 
indicated in Table III and Fig. 1, 
where the logarithm of the “apparent 
viscosity” is plotted against the loga- 
rithm of the time of aging. 

It is evident that all three of these 
air-blown asphalts increased in “appar- 
ent viscosity” at a much faster rate than 
those bitumens to which Eq. 1 applies. 
Figure 1 also indicates that the more 
highly blown an asphalt, the more rapid 
is the increase of its consistency with 
time. The rate of age hardening may 
be considered as a sensitive measure of 
differences in degree of internal structure. 
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studied using the technique employed 
with the asphalts. The results indicate 
that the rates at which the consistencies 
of the mixtures increased with time are 
chiefly dependent on the nature of the 
asphalt present. The properties of the 
asphalts and mixtures are given in 
Table IV. 

The consistencies obtained on these 
mixtures over a period of several thou- 
sand hours are reported in Table V. 

Figure 2 is a plot of the logarithm of 
viscosity against logarithm of elapsed 
time for mixture I made from Californian 
asphalt. For comparison, the age- 
hardening curve for the asphalt is 
plotted in the same figure. It is appar- 


TABLE [V.—CHARACTERISTICS OF ASPHALT-LIMESTONE MIXTURES. 
50 per cent insoluble. 


The increase in consistency of these 
air-blown asphalts could be partially or 
_ wholly eliminated by heating to a tem- 
perature above the softening point. 
It has also been shown elsewhere" that 
continued mechanical working is as 
effective as heat in eliminating the 
increased consistency due to age hard- 
ening. 


_ ASPHALT-LIMESTONE Dust MIXTURES 


Several mixtures (containing 50 per 
cent CS,-insoluble matter) composed of 
asphalt and limestone dust have been 


C. E. Coombs and R. N. Traxler, “Rheological Prop- 


erties of As i. IV. Observations Concerning the 
Anomalous Flow Characteristics of Air-blown Asphalts,” 
Journal of Applied Physics, Vol. 8, p. 291 (1937) 


Asphalt | Mixture 
| Penetrations 
Designa- it Designa- ing- 
tion | tion | | 77 | 18 | and-Bal 
| weight, | weight, | weight, 
| an | 60 sec. | 5 sec. | 5 sec, Fale 
B....| Californian Vacuum | 55 | 201 127 
G....| Fluxed Refined Trinidad | 
= 57 10 33 160 137 
F....} Venezuelan Vacuum 57 ie... 8 136 
L....| Venezuelan Batch steam 53 | oe 14 | 30 128 139 


ent that the addition of limestone dust 
had no appreciable effect on the aging 
characteristics of this asphalt, since the 
slopes of the two lines are approximately 
thesame. The limestone-filled Trinidad 
Native Lake Asphalt Cement (mixture 
II) was also found to have about the 
same A.A.I. as the unfilled cement. 
Mixtures I and II were both essentially 
viscous liquids. 

Mixture III made from a Venezuelan 
vacuum-refined asphalt of about 50 
penetration showed a higher rate of 
age hardening than the unfilled asphalt 
as indicated in Fig. 3. The asphalt 
possesses only slight anomalous flow 
characteristics and its rate of age harden- 
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ing follows the relationship indicated by 
Eq. 1. However, the mixture showed 
definite anomalous flow properties and 
the log-viscosity versus log-time plot, 
like those for air-blown asphalts, was 
curvilinear. 

The Venezuelan oil asphalt refined to 
50 penetration in a batch steam still 
gave a curve on the log-log age-harden- 
ing plot (see footnote of Table I). 
Mixture IV prepared from this asphalt 
also gave a curve. This mixture pos- 
sessed distinct anomalous flow char- 
acteristics as did the asphalt from 
which it was prepared. 

The formation of structure which 
results in deviations from viscous flow 
evidently causes a marked increase in 
the rate of age hardening. This is true 
of asphalts and asphalt-mineral mixtures. 


STRUCTURE IN ASPHALTS AS INDICATED 
BY ETCHED SURFACES 


It has been claimed” that the patterns 
obtained by the etching of asphalt 
surfaces for several seconds with solvents 
could be used to identify the asphalts. 
Visual evidence of structure in asphalts 
possessing anomalous flow characteristics 
and showing rapid age hardening would 
offer confirmation of the explanations 
given for these complex flow properties. 

In some preliminary work a number 
of different asphalts have been treated 
with ethyl ether and 86° Baumé naphtha 
for a few seconds, the solvent poured 
off and photographs (at magnification 
of 220) taken of the dry surfaces using a 
microscope equipped with an “Ultra- 
pak” attachment. Before etching, the 
asphalt surfaces were left in contact with 
air but protected from dust. 

Figure 4 shows photomicrographs of 
surfaces of asphalt L (Venezuelan batch- 
Steam-refined asphalt) which were 
treated for 5 sec. with ethyl ether. 


12 Frank Schwarz, “Etching Experiments upon As- 
phalts,” Asphalt und Strassenbau, No. 5, Supplement 
of Petroleum Zeitschrift, Vol. 28 (1932). 
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in Figs. 4 and 5. 
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A highly air-blown asphalt of 40 pene- 
tration produced from Venezuelan pe- 
troleum was treated in the same manner. 
The etched surfaces 1 hr. and 1 month 
old are shown in Fig. 5. The character 
of the structure appears to become more 
definite with age. It is also apparent 
that there is a difference in structure 
between steam-refined and air-blown 
asphalts. The patterns obtained were 
not due to surface oxidation because 
samples sealed to prevent access of air 


TABLE V.—DaTA FOR AGE-HARDENING OF 
ASPHALT-LIMESTONE MIXTURES AT 


25 C.. G7 F.). 

Mixture I Mixture II | Mixture III} Mixture IV 
2 2 | 2 |.8) 2 
3.8\7.58| 48 819] 3.5) 13.2| 3.3] 18.2 
27.0| 7.61 | 29.5, 8.87| 29.5| 14.0} 24 20.8 
96.8| 7.89 | 51.5| 8.93| 52.5] 14.2] 50.5] 24.6 
168.0| 8.01 | 98.3) 9.05 | 100.0 14.8, 98 7| 24.5 
337.0| 8.14 | 339.0| 9.60 | 340.0| 16.0\ 341.0) 26.2 
940.0] 8.43 |1013.0 9.51 |1204.0| 17.5/2716.0| 37.4 
2523.0| 8.60 |2043.010.4 |3029.0| 19.4'4801.0) 42.5 
| |4803.0) 22.2/5238.0| 47. 


gave similar designs when treated with 
solvent. 

Essentially viscous oil asphalts pos- 
sessing no marked anomalous flow charac- 
teristics and low rates of age hardening, 
such as asphalts A, B, D and F, gave no 
evidence of structure when treated in 
the same manner as the asphalts shown 


The fact that the rate of increase of 
consistency with time becomes greater 
with the degree of anomalous flow ex- 
hibited by an asphalt leads to the con- 
clusion that age hardening is directly 
dependent on the gradual formation of 
some kind of internal structure. This 
structure formed with the passage of 
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(a) Etched 1 hr. after pouring. (b) Etched 1 month after pouring. 


Fic. 4.—Surfaces of Steam-Refined Asphalt Etched with Ethyl Ether (X 220). 


(a) Etched 1 hr. after 5 ng (b) Ete t t ng 


Fic. 5.—Surfaces of Air-Blown Asphalt Etched with Ethyl Ether (Xx 220). 
554 
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time is unstable to heat and mechanical 
working. Due to its reversible nature, 
the age-hardening phenomenon may be 
considered as a form of thixotropy 
which, together with anomalous flow 
properties, is typical of many colloidal 
systems. 

The concept of asphalt as a two-phase 
system with asphaltenes dispersed in the 
lighter petrolenes as the continuous 
phase is almost universally accepted 
and serves well as a basis for the ex- 
planation of the formation of internal 
structure with time. As the tempera- 
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ture is decreased, the asphaltenes be- 
come more insoluble in the oily pet- 
rolenes. Also, there is apparently a 
gradual isothermal sol-gel transforma- 
tion occurring in an asphalt with the 
passage of time; the internal structure 
develops rapidly at first and then at a 
steadily decreasing rate. 


Acknowledgment.—The authors are in- 
debted to H. E. Schweyer for the 
drawings and to C. U. Pittman for 
valuable assistance in preparing the 
manuscript. 
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Mr. G. L. Ottensis.'—Perhaps it 
would be well to explain just how the 
surface is etched for the test. 
R.N. TRAxver.?—The technique 
of the test is very simple; the most diffi- 
cult part is the obtaining of good photo- 
graphs. We filled lids of 3-oz. penetra- 
tion tins with the asphalt in question. 
After it had cooled, a small quantity of 
the solvent was poured on the surface 
of the bitumen and left there for 4 or 
5 sec. The liquid (containing dis- 
solved material) was then poured or 
_ thrown from the surface, and the traces 
of the solvent which remained permitted 
to evaporate spontaneously. The sam- 
_ ple was then placed under the micro- 
scope and examined for the presence or 
absence of a surface pattern. If no 
pattern was obtained we gave the 
asphalt surface another washing with 
the solvent. Sometimes it required 
three treatments to get a good pattern. 
With asphalts that were essentially 
viscous (for example, California and 
Trinidad oil asphalts) neither repeated 
_ treatment of the surface or one brief 
application gave a pattern. This was 
also true if the surface had been allowed 
to age for several weeks. 
_ We found it necessary to use a solvent 
that evaporated quickly. Turpentine, 
para-cymene and a number of other 
liquids were tried but they did not evap- 
orate rapidly with the result that the 
asphalt surface was in a soft condition 


for a long time after the excess solvent 
had been poured off. Further, we 


. 1 Chemist in Charge, The Barber Co., Inc., Madison, 


2 Research Division, Technical Bureau, The Barber Co., 
Inc., Maurer, N. J. 


DISCUSSION 


worked on the principle that we needed 
a solvent which would dissolve the oily 
portion of the asphalt (the petrolenes) 
leaving the asphaltenes in a flocculated 
condition. 

Mr. S. R. Cuurcu.*—Referring to the 
asphalt-limestone mixtures, was the 
percentage of limestone added the same 
in each case? 

Mr. TRAxLtER.—No. We studied 
four different mixtures, all of which were 
made up to 50 per cent carbon disulfide 
soluble. One of the mixtures contained 
Trinidad lake asphalt cement to which 
less than 50 per cent limestone was 
added because of the mineral matter 
naturally present in that asphalt. 

Mr. P. M. Van Doormaar.*—I 
should like to ask Mr. Traxler whether 
he has also found indications of increasing 
viscosity under higher stresses, for in- 
stance, under the shearing stresses pre- 
vailing in the penetration test. If the 
penetration of the asphalts which have 
been submitted to age hardening is 
determined, is decrease in penetration 
found or is the increase in consistency 
exclusively found under the compara- 
tively low shearing stresses of the tests 
described in the paper? 

Mr. TRAXLER.—In recent weeks we 
have used the method of successive 
penetrations, proposed by Thelen® and 
modified by Rhodes and Volkmann*, for 
the study of the age-hardening phenom- 


3 Consulting Chemist, New York City. 

4 Chemical Engineer, Shell Development Co., Emery- 
ville, Calif. 
SE. Thelen, ‘“‘A Method for Measuring the Rheological 
Pro rties of Materials of Great Consistency Such as 
ol Journal of Applied Physics, Vol. 8, pp. 135-137 
19 

6 E. O. Rhodes and x. _W. Volkmann, “The Use of the 
A.S.T.M. Penetration Equipment for Estimating the 
Viscosities of Materials of High Consistency,” Journal 
of Applied Physics, Vol. 8, pp. 492-495 (1937). : 
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enon. We allowed samples to time- 
harden in penetration tins at constant 
temperature and then tested by this 
new method using an A.S.T.M. standard 
penetrometer. Apparently this method 
will be a fairly satisfactory means of 
evaluating the rate of time-hardening. 
Although the shearing stresses used in 
the penetrometer method are 10 to 100 


times greater than those employed in 
the falling coaxial cylinder viscometer, 
the increased consistency due to aging 
can be detected by this application of 
the penetrometer. 

I should point out that when we inves- 
tigated non-viscous asphalts in the vis- 
cometer we applied the same shearing 
stress to all samples. 
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THE CONSTITUTION OF CRACKED AND UNCRACKED ASPHALTS 


By E. S. HIL~MAN! AND B. BARNETT! 


SYNOPSIS 


This paper supplies chemical evidence supporting the conclusion drawn 


from the rheological properties of cracked asphalts, that their greater degree 
_ of dispersion as compared with straight-run asphalt can be accounted for by 


the greater aromaticity of the maltenes. 


It is further shown that the com- 


- ponents in low-level cracked asphalt have in all probability average molecular 
weights lower than those of the corresponding components in a straight-run 


residue. 


The work from which the following is 
taken was primarily intended as a study 
of the stability of cracked fuels. It 
has, however, provided indirectly some 
- interesting information on the structure 
of asphalts, and this information is 


maal? and of Mack* and others has 
shown that the properties which most 
affect the practical applications of 

_ asphalts are temperature susceptibility, 
_ plasticity, elasticity, etc. These pro- 
perties constitute the rheological behav- 
ior of asphalts. The same authors have 
shown further that low susceptibility 

to changes in temperature and a high 
degree of plasticity and of elasticity are 


1 Research Chemist, Shell Development Co., Emery- 
ville, Calif. 
2J. P. Pfeiffer and P. M. van Doormaal, “The Rheo- 
logical Properties of Asphaltic Bitumens,” Journal, Inst. 
Petroleum Tocecheatonn Vol. 22, No. 152, June, 1936, pp. 
— Kolloid-Zeitschrift, Band 76, Heft 1, pp. 95-111 
(1936). 
3C. Mack, Proceedings, Assn. agit Paving Tech- 
nologists, Technical Sessions held at Washington, Decem- 
ber 9, 1933, p. 40. 


= 


considered here. 
The work of Pfeiffer and van Door-’ 


The chemical structure of asphaltenes is discussed, together with 
the probability that they consist of a combination of units comprising cyclic 
groups of no more than two or three rings condensed together. 


usually found together, the result of in- 
complete peptization of the asphaltenes, 
whereas well peptized asphalts are, on 
the other hand, generally characterized 
by a high susceptibility with less plas- 
ticity and elasticity. At the same time 
it was observed that although asphalts 
prepared from cracked residues have 
considerably higher asphaltene contents 
than straight-run bitumens of the same 
penetration from the same crude, the 
cracked asphalis have higher tempera- 
ture susceptibilities. Consequently, the 
cracked asphaltenes must be in a more 
highly dispersed state than the asphal- 
tenes in straight-run bitumens despite 
their greater concentration. Since it 
was known that the dispersing power of 
the maltenes increases with their aroma- 
ticity, it was concluded that the cracked 
maltenes were probably more aromatic 
than the straight-run material. Al- 


though the evidence was indirect, the 
conclusion was nevertheless in accord 
with the general belief that the aro- 
matic content of oils increases in the 
process of cracking. 
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I.—ANALYSES OF DusBBs RESIDUE FRACTIONS. 


CRACKE 


D AND UNCRACKED 


Viscosity Saybolt Furol 210 F. = 27.8 sec. 


Inter- 
nal Per- 
Pres- | cent- 4 
sure of age of 
Fraction Sol- | Origi- 
vent, | nal 
atmos.| Resi-| 
per | due | & 
sq.cm 5 
1180 = 11.88 87.90 
1250 7.09 88.20 
1640 5.76 88.50 
1800 3.62 88.25 
1900 2.52 88.05 
(Hexane soluble” 4.2 88.1 
Benzene: soluble ae 2.0 86.8 
(Pyridine soluble®........ | 2.0 '83.7 


“ Semi-solids at room 


» Solid at room temperature. 


temperature. 


Melts 90 to 100 C. 


Chemica] Analyses, per cent 


u 

= 

n 
10.60 0.3(5),0.7(0), Trace 0 
10.00.0.5(5) 0.8(1)| Trace 0 
9.85,0.7(4) 0.8(5)) Trace 0 
9.70.0.7(7) 0.8(8)| Trace 0 
9.400.9(7) 0.9(1)| Trace 0 
9. 20,0.9(8).0.8(3) 0.00(8) 0 
8.85:1.0(2) 0.7(4)'0.01(3) 1 
8.75|1.1(1)|0.8(3) 0.01(6) 0 
8.40'1.2(4)|0.9(5) 0.06 1 
8.101.3(7) 0.9(8) 0.30 
7.4 1.8 1.3(3) 0.07 1 
6.2 |2.2 0.3(7) 0.10 '6 
6.1 |2.3 0.8(8) 0.17 3 
6.0 2.1 0.9(0) 0.25 3 
5.6 |3.2 0.9(5) 0.22 6 


ASPHALTS 


40 
74 
00 


45 
37 
53 
03 

79 
10 
20 


Average 
Molecular 
Weight 
2 

8.3, 0.9681 2704 
8.8 0.9975 3454 
90 1.0136 3444 
1.0220) 3508 
9.4) 1.0403 353 
9.6) 1.0453 3744 
10.0) 1.0583 3844 
10.1) 1.0683 395¢ 
10.5 1.0860) 4394 
10.9 1.1102} 4834 
11.9/1.1-1.2) 
13.5) 1.18 830°-870/ 
14.2} 1.19 | 
817/ 
15.1) 1.24 860/ 


© Powdery solids; the CCl solubles melt at high temperatures with decomposition and swelling; the benzene-solubles 

also decompose, although with less swelling; and the carbenes and carboids neither melt nor swell. 
“In benzene, at the boiling point and freezing point. 

€ In benzene, at the boiling point; and in naphthalene, at the freezing point. 
‘In naphthalene, at the freezing point. 


TaBLe II.—ANALYSES OF STRAIGHT RUN RESIDUE FRACTIONS. 
Viscosity Saybolt Furol 210 F. 


S.| Resi- 


| 


Per- 
cent- 
age of 
Origi- 
nal 


due 


Carbon 


~ 
_ 
an 


5.80 86. 
5 80 86.5 
6.84 86. 


3 

5 

3.61 86.8 
4.56 86.6 
2.18 86.8 
1.90 86.6 
1.33 86. 
1 


80/86. 


Inter- 
nal 
Pres- 
sure of 
Fraction sol- 
vent, 
atmos 
per 
sq.cm 
(Cut No. 19............ 
915 
975 
1035 | 
soluble {Cut No. 10............ | 1055 
| 1090 
1130 
1290 
1385 | 
1420 


Hexane-solubles. . 
CCh-solubles 


* In benzene, at the 
In benzene, at the 


“In naphthalene, at the freezing point. 


boiling point. 
freezing point. 


5.6 


8 
6 
15.80 86.7 
2 
9.4 (84.4 


= 23.2 sec. 


Chemical Analyses, per cent 


| Average 

4 

12.7 | 0.10} 0.49| 0.01 0.10) 6.83) 0.9075 
12.4 | 0.18, 0.56) 0.02 \0.04 7.0 | 0.9292 373° 
12.4 | 0.18 0.69| 0.02 0.01] 7.0 | 6.9393 365° 
12.3 | 0.16) 0.67 <0.01 |0.26) 7.05) 0.9340 391° 
12.0 | 0.28) 0.56 0.009.0.85| 7.19} 0.9440 421° 
12.0 0.70'<0.01 0.35 7.23) 0.9460 413° 
12.0 | 0.34) 0.75} 0.02 |....| 7.22| 0.9493 427° 
11.8 | 0.32) 0.81| 0.03 0.64, 7.3 | 0.9529 43 
11.7 | 0.361 0.79 0.01 0.74) 7.36 0.9593 448° 
11.5 0.43) 0.66 0.02 1.01! 7.51) 0.9613 448° 
11.4 | 0.79, 0.01 0.77, 7.58) 0.9690 497° 
11.3 | 0.56 0.92. <0 01 0.41) 7.68) 0.9790 489° 
11.0 | 0.77, 1.15 <0.01 (0.27, 7.9 | 0.9934 397 
10.8 | 0.87, 0.97. 0.05 0.71; 8.02) 1.0031 520° 
10.5 | 0.99| 0.97, 0.04 |0.70) 8.26! 1.0157 539° 
10.3 | 1.08 0.87, 0.05 1.10) 8.41, 1.0234 524° 
10.1 1.21) 0.84) 0.20 0.85 8.6 | 1.0370 541° 
9.9 | 1.23) 0.95 0.13 1.19) 8.76) 1.0415 576” 
97 0.95) 0.03 1.33) 8.94) 1.0479) 616° 

| 

8.55, 2.03 1.15 0.07 1.95)10.1 | 1.103 | 1630; 850° 
7.6 | 2.24 1.33, 0.97 3.4611.1 | 1.116 | 2400": 1660° 


x= 


of view. 
is the instability or apparently poor 
dispersion of the asphaltenes in cracked 


There were, however, difficulties in 
the way of accepting the above point 
Evidence against this theory 


fuels, which manifests itself in the well- 
known sludge deposits that such fuels 


_ were once so prone to produce. 


However, this poor dispersion is not 
an unavoidable property of the system. 


- One of the authors had found in 1926 
that a characteristic of the high-level 


residues produced at that time, with 
their high content of poorly peptized 
material, was the low proportion of 
maltene resins and that by extracting 
them from a large quantity of the 
residue and mixing back with propor- 
tionately less residue, cracked asphalts 


_were obtainable of superior ductility, 


gloss, etc., indicating a high degree of 
dispersion. Further, attempts torecover 
the components from such resin-enriched 
mixtures by extracting with solvents 


_ failed; the carbenes and carboids, al- 
_ ways present in high-level residues, could 


no longer be detected, by the usual 
methods then existing. In other words, 
the mutual solubility or dispersibility 
of the components was such that normal 
extraction methods failed to separate 
them, and a separation could be effected 
only by an elaborate extraction with a 
carefully graded series of solvents. This 
was definite evidence that the material 
comprising what is usually considered 
the heaviest and most intractable com- 
ponents of the cracked residue could be 
adequately dispersed. 


NATURE OF THE MALTENES 
From the observation given in the 
previous section it was evident that in- 
correct results would be obtained if the 
proper solvents were not used for the 
separation of the components. For this 
purpose a series of solvents of increasing 
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internal pressure was chosen as follows, 
[sopentane 


in the order shown: _ 
Hexane 


Carbon tetrachloride 
Benzene 
Carbon bisulfide 


To these was added pyridine which, 
owing to its polar nature, is a better 
solvent for many compounds than even 
carbon bisulfide. 

Theoretically the series should start 
with ethane or propane, but it was 
found more convenient to make a rough 
separation with isopentane; and then, 
when desired, to divide the isopentane- 
soluble part into fractions by dissolving 
in propane and successively adding 
increments of ethane or methane, re- 
moving the precipitate after each addi- 
tion. 

Ultimate analyses and also average 
molecular weights of fractions obtained 
in this manner are given in Tables I and 
IT. 

In Table I the fractions were obtained 
from a Dubbs low-level residue from a 
Californian asphalt base crude. With 
the exception of the values for the aver- 
age molecular weights, of which the 
plot flattens out or may even attain a 
maximum in the direction of the car- 
boids, it will be seen that there is a 
regular gradation in the data given, 
showing the reality of the fractiona- 
tion achieved. This will be dealt with 
later. 

These results should be compared 
with those given in Table II for frac- 
tions obtained from a straight-run resi- 
due of approximately the same viscosity 
from the same crude. Below the dotted 
line in each table is the material that 
would be present in a 65 penetration 
asphalt for both the cracked and the 
uncracked residue. 

The internal pressure of the solvent 
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corresponding to the precipitate pro- 
duced gives a basis for comparison of 
the fractions. 

The greater aromaticity of the 
cracked maltenes is apparent from the 
fact that the specific gravity is higher 
for the same molecular weights, and that 
precipitates of the same molecular 
weight are obtained at appreciably 
higher internal pressure of the solvent, 
aromatics being characterized by higher 
internal pressures than paraffins. The 
determination of the average molecular 
weights for the maltenes presents no 
difficulties and they may be taken at 
their face value. 

In Tables III and IV the Water- 
man® analyses are given for those cuts 
which were not too dark. Here again 
the greater aromaticity of the cracked 
fractions is apparent. It should be 
noted that owing to the dark color only 
a limited number of the cracked frac- 
tions could be examined. However in 
the maltenes of the 65 penetration 
cracked bitumen, the first fractions have 
already reached approximately the same 
aromaticity as the last fraction of the 
straight run. 

It will be seen that the assumption 
based upon rheological characteristics 
and a high degree of dispersion, that 
cracked residues possess a more aromatic 
medium than straight run, is well sup- 
ported by the above observations. 


MOLECULAR WEIGHT DATA 


The average molecular weights for 
cracked fractions given in Table I show 
the anomaly of becoming approximately 
constant while the carbon-hydrogen 
ratio and the density continue to in- 
crease. 


‘Hildebrand, “Solubility,” Second Edition, Chapter 
10, Reinhold Publishing Corp., New York City (1936). 
cq J: C. Viugter, H. I. Waterman and H. A. von Westen, 
‘Improved Methods of Examining Mineral Oils, Espe- 
cially the High Boiling Components,” Journal, Inst. Pe- 
troleum Technologists, Vol. 21, p. 661 (1935). 


It is difficult to say with what reliance 
the determined average molecular 
weights of such ill-defined mixtures as 
the isopentane-insoluble fractions can 
be accepted as absolute, for the solu- 
tions of these fractions in all probability 
depart appreciably from the ideal solu- 


TABLE ITI.—WATERMAN ANALYSES OF FRAC- 
TIONS OF DuBBs ISOPENTANE SOLUBLES. 


Per cent by 
| 
= - | 32 n | a 
$138 | le g 
Biles | @ ¥ 
10 |1.549(5),0.9681 0 3289) 270 | 41 0} 36 | 16 | 48 
9 |1.573(2)|0.9975.0 3303| 345 | 42.11 45 | 8 | 47 
8 {1.58 (4)/1 0136/0. 3318) 344 | 40.5) 47 1 | 52 
|1.58 (9)|1.0220)0. 3297 "350 32.5) $i 47° 


TABLE IV.— WATERMAN ANALYSES OF FRAC- 
TIONS OF STRAIGHT RUN ISOPENTANE 


SOLUBLE. 
| | & | Per cent by 
3 
> | Sig 
"4 (=) a < | 
| 

19 | 1.5008 | 0.9075 (0.3245) 293, 71.2 | 14 | 35 | 51 
18 | 1.5136 | 0.9292 |0.3238! 373, 77.6 | 18 | 26 | 55 
17 | 1.5167 | 0.9343 (0.3237| 365) 80.1 | 14 | 36 | 50 
16 | 1.5170 | 0.9347 |0.3237) 77.8 | 18 | 32 | 50 
15 | 1.5221 | 0.9452 |0.3227| 421; 77.0 | 20 | 34 | 46 
14 | 1.5231 | 0.9433 (0.3239 413'77.8 | 20 | 30 | 50 
13 | 1.5271 | 0.9493 |0.3239| 427| 77.0 | 22 | 29 | 49 
12 | 1.5301 | 0.9529 |0.3242) 438 75.4 | 24 | 28 | 48 
11 | 1.5342 | 0.9593 |0.3241| 448) 73.0 | 26 | 27 | 47 
10 | 1.5362 | 6.9613 |0.3245| 448 72.2 | 27 | 24 | 49 
9 | 1.5422 | 0.9690 0.3249) 497, 69.3 | 32 | 24 | 44 
8 | 1.5481 | 0.9790 |0.3245' 489 64.9 | 34 | 25 | 41 
7 | 1.5597 | 0.9934 |0.3254| 497| 62.4 | 37 | 22 | 41 
6 | 1.5693 | 1.0031 (6.3268) 59.32| 42 | 13 | 45 
5 | 1.5783 | 1.0157 0.3269) 539 56.6%) 45 | 10 | 45 
4 | 1.5862 | 1.0234 0.3280) 524 55.3¢| 47 | 6 | 47 
3 | 1.5946 1.0340’ 0.3284) 54.27) 48 | 5 | 47 
2 | 1.60087 1.0415 (0.3288) 576 53.44; 50 | 4 | 46 
1 | 1.6060% 1.0479. 0.3291) 616| 52.4%) 53 | 1 | 46 


Extrapolated. Interpolated. 


tion laws. However, they are con- 
sidered to have a relative value, for a 
reproducibility within some 7 per cent 
was readily obtained on any one sample, 
even after the lapse of several weeks. 
Also the determinations were made at 
severa] concentrations and the results 
rejected if the slope of the plot of appar- 


1 

| 

| 
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ent molecular weight against concen- 
tration was too great to allow reliable 
extrapolation to zero concentration. 
The values given in the tables are the 
extrapolated values. 

Thus while the absolute values found 
for the final approximately constant 
molecular weights must be accepted 
with caution, the existence of a final 
constant value is in all probability real. 

Rather surprisingly the reproduci- 
bility of the molecular weights even in 
different solvents of the cracked frac- 
tions was much superior to that of the 
corresponding straight material. 
Among the cracked products, values 
above about 900 were never obtained 
except with what were obviously un- 
suitable solvents, that is, solvents for 
which the slope of the plot of apparent 
molecular weight against concentration 
was too great or there was incomplete 
solution, gelation, etc. 

With the straight-run samples, re- 
producibility on any given sample was 
good, but in the case of samples with 
a molecular weight above 1000, anoma- 
lies were observed. As in the case of 
similar determinations on coal hydro- 
carbons’ the molecular weights seemed 

to vary from solvent to solvent, sug- 
gesting the possibility of some kind of 
polymeric aggregation due to a not very 

strong binding and readily reversible by 
a sufficiently powerful solvent. 

The molecular weight data must be 
accepted therefore more as an interesting 
indication and as showing that the 

_ asphaltenes in low-level cracked residue 
for the particular Californian crude ex- 
= are of less molecular complexity 
than the uncracked ones. 


®R. C. Smith and H. C. Howard, “Molecular Weights 
of Polymeric Substances in Catechol and Their Bearing 
on the Nature of Coal and Derived Products,” Journal, 
Am. Chemical Soc., Vol. 58, p. 740 (1936). 

R. C. Smith and H. C. Howard, “Equivalent and 
Molecular Weights of Humic Acids from a Bituminous 
Coal,’’ Journal, Am. Chemical Soc., Vol. 57, p. 512 (1935). 
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THE CHEMICAL SIMILARITY OF CRACKED 
MALTENES, CRACKED AND UN- 
CRACKED ASPHALTENES 
Abraham makes the statement’ that 
asphalts have a polycyclic character 


typified by an extended naphthene 
structure of the type 
CH, CH: 
cH,’ \% 
| etc. 
CH 


CH, CH, 


Mack* speaks of them as _ polycyclic 
compounds containing oxygen and sul- 
fur, or both, in bridge or heterocyclic 
linkage. 

Sachanen and Tilicheyev’ remark 
that “Due to the fact that the presence 
of benzene derivatives with long side 
chains is improbable on account of their 
instability (to cracking temperatures), 
increased accumulation of naphthalene 
derivatives and other condensed aro- 
matic hydrocarbons must be expected.” 
They also point out that the extent to 
which condensed aromatic hydrocarbons 
are formed is determined by the depth 
of cracking. 

From the above and similar state- 
ments in the literature, it appears to 
be generally believed that asphaltenes, 
both cracked and uncracked, are highly 
aromatic bodies containing more or less 
condensed aromatic nuclei and that 
the degree of condensation increases 
upon cracking. 

Now it is known that pure polycyclic 
compounds such as picene, crackene, 
and truxene are extremely insoluble in 


most solvents whereas asphaltenes 
7H. Abraham, “Asphalts and Allied Substances,” 
Third Edition, p. 750, D. van Nostrand Co., New York 


City (1929). 
8C. Mack, “Colloid Chemistry of Asphalts,” Colloid 
Symposium Monograph, Vol. 10, p. 53, C enaiead Catalog 
Co., V7 York City (1932) 
Sachanen and M. D. Tilicheyev, “The Chemis- 
try a th ame of Cracking,” p. 135, Chemical Catalog 
Co., New York City (1932). 
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readily dissolve in benzene, carbon 
bisulfide, etc. Their solubility in such 
solvents is not dependent on the pres- 


ence of resins and the like, as they re- . 


main soluble after repeated solution and 
reprecipitation until the precipitating 
solvent remains colorless. It can there- 
fore be concluded that in the asphal- 
tenes, cracked or straight, the degree 
of condensation of the aromatic nuclei 
is unlikely to be very great although 
the number of rings present can be large. 

In addition to the solubility in ben- 
zene, there is the observation that the 
cracked asphalts, usually assumed to be 
more highly condensed, possess rheolog- 
ical properties which can only be asso- 
ciated with a lyophilic colloid more 
highly dispersed than uncracked asphalt 
systems. These facts throw some doubt 
upon the conception of a condensed 
polycyclic structure for asphaltenes, 
particularly of the type postulated by 
Abraham.‘ 

It has long been held that coal tars 
can be distinguished from petroleum 
tars by the fact that the latter resist 
attack by sulfuric acid. However, if 
asphaltenes are aromatics, it is surpris- 
ing that they are unsulfonatable. The 
explanation appears to be quite simple. 
They are apparently so strongly pro- 
tected by adsorbed oily material and 
resins that the acid cannot penetrate to 
the asphaltenes in a reasonable time. 
On the other hand, the highly purified 
asphaltenes prepared by the extraction 
method already described are readily 
sulfonated by fuming acid and rendered 
completely water-soluble. 

Cracked maltenes are also sulfonat- 
able with fuming sulfuric acid, but only 
part of the straight-run material is at- 
tacked. In fact, the original, untreated 
Dubbs residue used in the experiments 
could be sulfonated to almost complete 
solubility in water; only a trace of tarry 
matter remained undissolved. This in- 


dicates that the paraffinic groups shown 
by the Waterman analyses to be present 
are probably all attached to aromatic 
nuclei in the particular sample ex- 
amined. In other words it appears 
that the maltene portion of the straight- 
run residues obtained from this crude 
oil contains wholly paraffinic molecules 
as well as paraffin chains attached to 
aromatic or naphthenic nuclei, whereas 
in the maltenes from the cracked resi- 
dues no free paraffins exist, all paraffin 
groups being present as side chains of 
aromatic or naphthenic molecules. It 
would be interesting to investigate 
how far this is general and whether on 
cracking waxy crude oils the wax that 
is left may not be of a ceresinic aromatic 
character or the only truly paraffinic 
portions surviving. 

Another extremely interesting obser- 
vation is that all the different fractions 
from the particular cracked residue 
examined except the carbenes and 
carboids give, by sulfonation and lim- 
ing, calcium salts which qualitatively 
are identical, having the same appear- 
ance, soapy qualities, and extreme 
solubility in water. Solutions of these 
salts all exhibit the same curious be- 
havior on evaporation, first becoming 
syrupy and finally drying rapidly to a 
powdery consistency. 

The above facts suggest that all the 
constituents of this cracked residue, ex- 
cept possibly the carbenes and carboids, 
are closely related chemically and are 
built up of units of some simpler 
compound or compounds. Even the 
straight-run asphaltenes with average 
molecular weights of the order of 2400 
in benzene may in the main be referable 
to such simpler units, and split down to 
them during sulfonation. It is difficult 
to conceive of a sulfonated molecule of 
around 2400 molecular weight giving 
the thin, clear, non-gel-like solutions in 
water that are obtained. 


— 


A TENTATIVE THEORY OF THE STRUC- 

TURE OF THE CONSTITUENTS OF 
RESIDUES 


The theory to be described is designed 
as a contribution to the 
knowledge of the structure of asphalts 
and is presented not as a necessarily 
correct theory but only as one formu- 
lated during the normal process of de- 
- velopment and subject to further investi- 
gation. Any theory of the structure of 
the constituents of bitumen must take 
into account what is known of the 
nature of their nearest relatives, the 
heaviest lubricating oils. The National 
Bureau of Standards has concluded’? 
that in passing from gasoline to oil the 
paraffin content decreases while the 
i proportions of aromatics and naphthenes 
increase. The heaviest lubricating oils 
they examined were considered to com- 
prise chiefly naphthenic molecules with 
one of more single, double, or triple, 
etc., naphthenic ring nuclei, with or 
without paraffin side chains, and aro- 
matic molecules with one or more 
benzene, naphthalene, anthracene, etc., 

nuclei, also with or without paraffin side 
chains. 

It is generally accepted that the least 
soluble cracked fractions do not possess 
_ long side chains, and this has to be borne 
in mind when considering the carbon- 
hydrogen ratios. The carbon-hydrogen 
ratios of these fractions are not high 
enough to permit the presence of large 
condensed nuclei corresponding to the 
molecular weights found. The alterna- 
tive is units of relatively smaller nuclei 
strung together. Indeed, it is difficult 
to conceive of any other structure for 
the highly aromatic asphaltenes of 
which the molecular weight is from 700 
to 800, while the carbon-hydrogen ratio 


10F.D. Rossini, “Fundamental Research on the Chemi- 
ry. Constitution of Lubricating Oil—A.P.1. Research Project 

’ Proceedings, . Petroleum Inst., Vol. 16M, (III), 
63 (1935). 
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is only 13.5 instead of, for instance, 24.0 
for decacyclene, of which the molecular 
weight is 450. This is particularly true 
for the straight-run asphaltenes, whose 
molecular weights are already about 2400 
while the carbon-hydrogen ratio is only 
11.1. Because of the similarity of the 
derivatives, such as bromides and sul- 
fonic acids, of the various fractions, it 
is highly probable that the units which 
combine to form the larger molecules are 
limited to a few types that are very 
similar. 

In the process of mild cracking such 
materials as resins or asphaltenes, the 
larger structures are broken down into 
simpler units. At the same time the 
remaining side chains may be lost, 
apparently as methane (for which there 
is experimental evidence), and sensible 
intradehydrogenation occurs with the 
possible liberation of gaseous hydrogen 
in small amount. As a consequence, 
some of the cracking products are not 
only less aliphatic (accounting for the 
rise in the carbon-hydrogen ratio) but 
also more condensed. Since the highly 
condensed aromatics with over four or 
five benzene rings are known to be only 
slightly soluble in even the best solvents, 
the decreased solubility of some fractions 
after cracking becomes understandable. 

On the other hand the possibility, for 
the bulk of the products, of a simple 
breakdown very analogous to depoly- 
merization accompanied by only slight 
condensation, is not excluded. The lit- 
erature indicates that in general conden- 
sation requires more drastic cracking 
conditions than depolymerization, s0 
that depolymerization could be the first 
step in the cracking of such materials 
as resins and asphaltenes. Under mild 
cracking conditions, therefore, as in the 
preparation of low-level residue from 
straight-run residue, depolymerization 
may be expected to be the preliminary 
reaction occurring among the bitumens 
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accompanied or almost immediately fol- 
lowed by loss of side chains, and the 
constituents of such residues should be 
chemically similar and differ only as 
members in a homologous series differ in 
such properties as molecular weight, 
density, and length of side chains. In 
fact, the constituents of low-level residue 


up to and including the asphaltenes 


actually do behave in this way. The 
lower solubility of the cracked as com- 
pared with the uncracked asphaltenes 
can be accounted for sufficiently by the 
decrease in paraffinicity due to loss of 
side chains. ‘The very small amounts of 
heavier fractions (carbenes and carboids) 
present in the low-level residue are to 
be ascribed to the effect of the condensa- 
tion reaction which under low-level 
cracking conditions is apparently in- 
completely “‘screened out.” 

The matter given in the preceding 
pages, together with much data not 
conveniently presented here, appear to 
indicate that resins and asphaltenes may 
have structures such as shown in Fig. 1. 
The above are more representative of 
cracked than straight-run asphaltenes in 
which there are probably longer side 
chains corresponding to lower carbon- 
hydrogen ratios. Although these struc- 
tures have been represented as identical 
polymers, the possibility that the units 
of the resin and asphaltene molecules 
may be dissimilar is not excluded. Such 
molecules in which the units are unlike 
may be called quasi polymers. 

A specific application of the theory 
may not be without interest. Let it be 
assumed that straight-run CCl], solubles 
comprise polymers, or quasi polymers of 
the type I. It is not claimed that 
straight-run asphaltenes actually have 
this structure; it suffices that the struc- 
ture assumed is in accord with the known 
facts. The first result of cracking the 
asphaltenes is a splitting of the asphal- 
tene polymer into one or more sets of 
n-membered-ring units. A four-mem- 


bered-ring unit has been indicated above. 
This splitting may be accompanied by a 
condensation of the side chains forming: 


CH. CH, 
| 
He Hi, 
CH; CH, 


At the same time the naphthene rings are 
dehydrogenated with an accompanying 
shift of hydrogen on losing side-chains: 


DPA 

| 3H, + 2CH, 
WYP 
The final product is picene, molecular 
weight 278, only slightly soluble in 
benzene and somewhat more soluble in 
pyridine. Itisimprobable that as much 
hydrogen as is indicated actually escapes 
as gas. 

Perhaps it is not without significance 
that picene has actually been isolated 
from a California cracked residue.” 

While the above may appear to sug- 
gest a very simple and perhaps long- 
chain molecule, we do not pretend that 
such exists in asphalt. Rheological prop- 
erties suggest a compact three-dimen- 
sional structure in which the above type 
of unit is probably rolled up upon itself 
or so connected that some of the units are 
close to each other in spatial configura- 
tion and are more or less united by the 
residual valences and polar forces in the 
unsymmetrically substituted rings. 


Acknowledgment——The acknowledg- 
ments of the authors are due to the 
Directors of the Shell Development 
Company for permission to publish the 
above work carried out at their labora- 
tories in Emeryville, Calif. 
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Mr. C. Mack! (presented in written 
form).—-As far as the writer is aware, 
the work by Messrs. Hillman and Bar- 
nett represents the first attempt to 
separate asphalts into different cuts by 
means of fractional precipitation. It is 
to be regretted that the authors did 
not include in their paper a detailed 
description of their technique. The ul- 
timate analysis and mean molecular 
weights of the different fractions from 
the Dubbs and straight-run residues 
confirm the assertion that the aromatic 
content of oils increases in the process 
of cracking. Based upon his own un- 
published work, the writer agrees with 
the authors that asphaltenes from a 
cracked residue have lower molecular 
weights than those from the correspond- 
ing residual crude oil used as cracking 
stock. It may be stated, however, that 
the cracking of asphaltene free stocks 
such as gas oil, produce asphaltenes of 
higher molecular weight than the heavi- 
est fraction of the stock. The molec- 
ular weights of such asphaltenes are 
still lower than those from cracked 
reduced crude oil, and have been found 
to be in the neighborhood of 500. 

The authors applied the Waterman 
analysis to fractions from the cracked 
as well as straight-run residue. This 
method is based upon the change in 
the refractive index brought about by 
hydrogenation and allows the determi- 
nation of the percentage of aromatic 
rings, naphthenic rings and _ paraffins 
or paraffinic side chains. The Water- 


‘Research Chemist, Technical and Research Division, 
Imperial Oil Limited, Sarnia, Ont., Canada. 
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man analysis carried out on fractions 
7 to 10 of the cracked residue, with 
mean molecular weights ranging from 
270 to 350, shows paraffinic side chains 
in the neighborhood of 50 per cent. 
Since the cracking operation breaks up 
long paraffinic side chains, it can be 
expected that the paraffinic groups in 
the fractions of the cracked material 
are restricted to methyl groups which 
the authors apparently also admit in 
their discussion of the structure of the 
constituents. In view of the fact that 
aromatic hydrocarbons are less easily 
sulfonated the more parafiinic side 
chains they contain, the results of the 
Waterman analysis apparently do not 
agree with the authors’ statement that 
the untreated cracked residue could be 
sulfonated to almost complete solubility 
in water. The writer uses with suc- 
cess the determination of the total 
surface energy of asphalt fractions for 
obtaining an insight into their chemical 
structure, and wonders whether the 
authors have given thought to this 
method. 

The tentative theory of the structure 
of the constituents of residues outlined 
in the paper represents a valuable ap- 
proach to what can be known about the 
chemical structure of asphaltic constit- 
uents. 

Mr. B. Barnetr.2—It is very satis- 
fying that Mr. Mack is in agreement 
with our conclusion that asphaltenes 
from a cracked residue have lower 
molecular weights than those from the 


2 Research Chemist, Shell Development Co., Emeryville, 
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— corresponding residual crude oil used as 
cracking stock. 

That the groups attached to the 
aromatic nuclei are not long is agreed, 
but we rather suspect that although 
methyl groups may comprise a large 
proportion of the side chains, other 
short groups are also present. 

With regard to Mr. Mack’s remarks 
on the apparent discrepancy between 
the results of the Waterman analyses 
of the lighter fractions and the possi- 
bility of sulfonating the cracked ma- 
terial to complete solubility in water, 
it must be recalled that the process of 
sulfonation is always accompanied by 


extensive oxidation; many of the side 
chain are undoubtedly oxidized to 

carboxyl or other oxygen-containing 
groups, for the final sulfonated prod- 
uct has always been found to contain 
more oxygen than corresponds to the 
sulfur present. As a result of this 
conversion the sulfonation reaction 
may be hastened. The reaction with 
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straight-run material is slower, probably 
because of the presence of free paraffins; 
and for this reason also this material 
does not become completely water sol- 
uble in a reasonable time. 

We expect to publish shortly the tech- 
nique of fractional precipitation used 
to obtain the several fractions de- 
scribed in our paper. 

Mr. A. B. HersBerGER.*—I should 
like to ask whether the apparently ab- 
normally high molecular weights obtained 
for some of the asphaltenes in benzene 
solutions can be accounted for by the 
possibility that they may not be com- 
pletely soluble in benzene. 

Mr. Barnett.—I doubt that they are 
completely soluble in benzene, but there 
is no way of proving it and the values 
given are averages for the conditions of 
the experiments. That is all we can 
say about them. 


3 The Atlantic Refining Co., Philadelphia, Pa. 


phalti 
(1931 


be 
ie 
> 


THE CONSTITUENTS OF ASPHALTIC MATERIALS versus 
ACCELERATED WEATHERING 


By R. R. THurston! 


SYNOPSIS 


Approximately 200 F. melting point asphalts prepared from Mexican, Gulf 
Coast, and Mid Continent crude and a cracked residue have been separated 


into asphaltenes, resins and oils. 


Synthetic asphalts have been prepared by recombining these constituents 


in various proportions and from different sources. 
data were obtained on these materials. 


Accelerated weathering 


Results indicated an increased resistance to weathering when increased 


proportions of resins were used. 


Good weathering is dependent not only 


upon the character and source of the resins and oils but also upon the quality 


of the asphaltenes. 
in their characteristics. 


It is generally known that asphalt can 
be considered as a mixture of three major 
groups of constituents, asphaltenes, res- 
ins and oils. All asphalts contain vary- 
ing proportions of these constituents 
which may be separated from each other 
by the method of Marcusson.? Asphal- 
tenes can be obtained by precipitation 
from a dilute naphtha solution. The 
clear solution containing resins and oils 
is decanted and the asphaltenes may be 
purified by reprecipitation and obtained 
as a brown powder by evaporation of 
the retained naphtha after decantation 
or filtering. Distillation of this naphtha 
solution leaves a mixture of resins and 
oils which is called petrolenes. These 
are absorbed on fuller’s earth, and ex- 
traction with naphtha will remove the 
oils. Subsequent extraction with carbon 
bisulfide will remove most of the resins. 
Oils and resins are obtained by evapora- 


1 Chemical Engineer, Technical Division, The Texas 
Company, New York City. 

2 J. Marcusson, ‘‘Die Naturlichen und kunstlichen As- 
halte,” p. 92, wes von Wilhelm Engelmé an, Leipzig 


These constituents from different asphalts vary widely 


tion of their respective solvents. As- 
phalts also contain small quantities of 
acids which have been neglected in this 
particular investigation. 

Asphaltenes obtained from various 
sources vary quite widely in molecular 
weight and other characteristics. ‘They 
are complex hydrocarbons having a high 
carbon-hydrogen ratio and_ probably 
contain a small amount of oxygen. 
Resins and oils may be further separated 
by means of various selective solvents, 
but for the purposes of this work, resins 
and oils as obtained above have been 
used. 

Synthetic asphalts were prepared by 
combining asphaltenes, resins and oils 
from various sources in varying propor- 
tions. This was accomplished by dis- 
solving the three constituents in benzol 
and removing the benzol by the Abson 
method.* The resulting asphalts have 


3Gene Abson, “Method and Apparatus for the Re- 
covery of Asphalt,” Proceedings, Am. Soc. Testing Mats., 


(1931). Vol. 33, Part p. 704 (1933). 
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been tested for melting point, penetra- 
tion at 77, 32, and 115 F. and asphaltene 
content. Exposure panels of these as- 
phalts have been made and tested in an 
‘accelerated weathering tester. 

Panels used for this work were 3 by 6 
‘in. aluminum, 0.05 in. thick. Asphalts 
were applied hot to one side of these 
panels to a thickness between 0.025 and 
0.030 in. These were exposed to an 
Atlas arc lamp at a distance of 18 in. for 
18 hr. per day. They also received two 
freezing periods and two water-spray 
periods per day. The lamp was oper- 
ated with and without a water spray on 
the panels on alternate days. Panels 
were inspected daily and considered as 


TABLE I.—-ASPHALTS USED. 


au 
< < < 
Melting point, deg. 
Fahr., ring-and- 
ballmethod....... 157 204 199 202 
Ductility, 77F....... 16 5 2 1 
Penetration, 77 F..... 18 16 18 4 25 1 
32 F 9 9 12 13 0 


6 3 33 4% 


4 
Asphaltenes, percent. 303 416 338 28 3 
@ Carbene free. 


failed when the metal showed through 
the asphalt film in more than one spot or 
crack. The average temperature of 
the panels during exposure to light with- 
out a water spray was 140 F. and for this 
reason all asphalts prepared were close 
to 200 F. in melting point. 

Table I shows physical properties 
and asphaltene contents of the various 
original asphalts used in this work. 
Both steam-reduced and air-blown as- 
-phalts prepared from Mexican crude 
_were used. Air-blown asphalts prepared 

from Gulf Coast and Mid-Continent 
_crudes were used and also an air-blown 
_ asphalt from a highly cracked residuum. 
This latter product contained a consid- 
erable proportion of carbenes which were 
not used in preparing any of the syn- 


thetic asphalts included in this investi- 
gation. 

Table II shows a series of asphalts 
made up exclusively of the constituents 
from an air-blown Gulf Coast residuum. 

Sample No. 1 is a straight asphalt as 
produced, and No. 2 is this same as- 
phalt made synthetically by recom- 
bining the constituents after separa- 
tion. This pair of samples serves as a 
check on the procedure and it is seen 
that the synthetic product weathered 
only 80 per cent as long as the original, 
which would indicate that the pro- 
cedure of separating and recombining 
the constituents is not perfect. 

Sample No. 3 contains an increased 
proportion of resins and has weathered 
over twice as long as sample No. 2 
and even 65 per cent longer than the 
original sample No. 1. 

Samples Nos. 4 and 5 contain 
increased proportions of asphaltenes 
and weathered distinctly less satis- 
factorily than sample No. 2. 

Sample No. 6 contains an increased 
proportion of oils and weathered less 
satisfactorily than sample No. 2 in 
spite of the fact that this increased 
amount of oils markedly increased 
the penetration of the product and 
reduced the susceptibility. 

It can evidently be concluded that 
increasing the proportion of resins in 
this particular type of asphalt improves 
the resistance to weathering and that 
increasing the proportion of asphaltenes 
or oils reduces the resistance to 
weathering. 

Table III shows a series of asphalts 
all made from asphaltenes obtained from 
Mexican crude oil combined with petro- 
lenes from various sources. 

Sample No. 1 is the original air- 
blown Mexican asphalt and sample 
No. 2 is the same product after sepa- 
ration of the constituents and recom- 

bining. Here again resistance to 
weathering was reduced by the pro- 
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cedure of synthetically preparing 
sample No. 2. 

Sample No. 3 is made fror: tl 2 
asphaltenes from air-blown Mexican 
asphalt and petrolenes from air-— 
blown cracked residuum. It is seen 


lenes from various sources. It is well 
known that straight steam-reduced 
Mexican asphalt of this high melting 
point does not resist this type of 
weathering test, although soft grades 
are excellent paving asphalts. This is 


TABLE II.—Arr-BLowN ASPHALTS FROM GULF Coast RESIDUUM. 


Sample No. | | Sample No. | Sample No. | Sample No. 
Sample No.| 3—225F. | 4—170F. | 5—145F. | 6—225F. 
— “Melting Melting | Melting Melting 
Sample No. | Sample No. Point Point Point Point 
1—Straight| 1Sepa- {Asphalt Plus/ Asphalt Plus Asphalt Plus| Asphalt Plus 
Asphalt rated and | 13 percent | 8 per cent |16.6 per cent! 19 per cent 
Recom- Resins |Asphaltenes! Asphaltenes! Oils from 
bined from Sam- | from Sam- | from Sam- Sample 
ple No. 1 ple No. 1 | ple No. 1 No. 1 
Melting point, deg. Fahr., ring- | | 
and-ball method.............. 201 201 | 201 | 203 | 213 200 
18 18 16 | 14 10 28 
12 12 8 | 7 7 20 
35 33 27 24 18 46 
Asphaltenes, per cent........... 34.7 | 34.7 | 332 36 3 38.7 
m3) 23 8 174 |) 16.7 10 3 
50.0 | 50.0 43 | 46.3 44.6 58.5 
Accelerated weathering test, days 
161 128 205 91 44 95 
Panel 100 207, 101 99 


TABLE III.—ASPHALTENES FROM MEXICAN —~PETROLENES FROM VARIOUS SOURCES. 


Sample | Sample | Sample | Sample Sample pone | Senate Sample 
No.1 | No.2 | No.3 No. | = No. 6 | No.7 No. 8 
Asphaltene source... .| Air-Blown Air-Blown | Air-Blown| Steam- | Steam- Steam- Steam- Steam- 
Mexican | Mexican | Mexican | Reduced | Reduced | Reduced | Reduced | Reduced 
| | | Mexican | Mexican | Mexican | Mexican | Mexican 
Petrolene source. ..... Air-Blown | Air-Blown| Air-Blown| Steam- | Air-Blown | Air Blown | Air-Blown | Air-Blown 
Mexican | Mexican | Cracked | Reduced | Mexican Gulf Mid- Cracked 
Residue | Mexican Coast | Continent] Residue 
Melting point, deg. 
Fahr., Ring-and- | 
ball method ey 204 206 | 201 197 208 | 212 250 191 
Ductility, 77 F.... | 5 3 2 | 1 2 | 1 2 1 
Penetration, 77 F.. 16 18 12 | 7 10 15 27 7 
‘Se 9 12 7 | 3 eo | 10 18 2 
F...i 3% 38 3s | 22 21 | 23 
Asphaltenes, per | 
cent..............| 41.6] 421| 49.7| 444] 45.6 | 39.1 | 33.7| 63.0 
Accelerated weath- 
ering test, days | 
to failure......... | 318 | 289 | 48 34 59 2448 34 
Panel number... ... . | 194 205 209 «200 210 | 206 =| 216 199 


that the weathering characteristics 
are seriously injured by the use of 
these petrolenes. 

Samples Nos. 4, 5, 6, 7 and 8 are all 
made from asphaltenes from steam 
reduced Mexican asphalt and petro- 


partially due to extreme hardness and 
high susceptibility, as indicated by 
sample No. 4. 

Accelerated weathering is somewhat 
improved when petrolenes from air- 
blown Mexican are used as in sample 
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No. 5 but does not approach the 

results obtained on sample No. 2 

made entirely from air-blown Mexican. 

Weathering is still inferior when 
other petrolenes are used, as in 

samples Nos. 6, 7 and 8. 

These data show that the source of 
petrolenes has a definite bearing on 
weathering, but the source of the asphal- 
tenes also has a very definite effect. 

A series of asphalts was attempted 
using petrolenes from various sources 


TABLE IV.--PETROLENES FROM MEXICAN 
ASPHALTENES FROM VARIOUS SOURCES. 
SAMPLE SAMPLE SAMPLE 
No. 1 No, 2 No. 3 
ASPHALTENE SouRCE.. .STEAM-RE- Air- 
DUCED BLOWN BLOWN 
MEXICAN GULF Mip-Con- 
COAST TINENT 
PETROLENE SourCE. .STEAM-RE- STEAM-RE- STEAM-RE- 


DUCED DUCED DUCED 
MeExicaN MEXICAN MEXICAN 


Melting point, deg. 


Fahr., _ring-and- 
ball method...... 197 200 199 
Ductility, 77 F...... 1 3 0 
Penetration, 77 KF... 7 10 
SF... 3 23 22 
per- 
cent.. 44.4 43.5 39.6 


Accelerated w veather- 

ing test, | to 

failure. . Ae 148 66 
Panel number. 208 214 


and asphaltenes from air-blown cracked 
residuum, but homogeneous products 
could not be obtained. 

Table IV shows asphalts prepared 
from asphaltenes from various sources 
combined with petrolenes from steam- 
reduced Mexican asphalt. 

Sample No. 1, made with constitu- 
ents entirely from steam-reduced 
Mexican asphalt in their normal 
proportions weathers poorly, as shown 
in Table III. 


~ 


ON ASPHALT CONSTITUENTS versus WEATHERING 


Sample No. 2, made with asphal- 
tenes from air-blown Gulf Coast 
asphalt and petrolenes from steam- 
reduced Mexican weathers distinctly 
better than sample No. 1, and sample 
No. 2 made with the asphaltenes from 
air-blown Mid-Continent residuum 
and petrolenes from steam-reduced 
Mexican also weathers better than 
sample No. 1. 

These data indicate that asphalts 
made with petrolenes from steam-re- 
duced asphalt and asphaltenes from air- 
blown Mexican asphalt are superior in 
weathering properties to asphalts made 
with the same petrolenes and asphaltenes 
from steam-reduced Mexican asphalt. 
Asphaltenes produced by oxidation ap- 
pear to be superior in weathering 
properties to those originally present in 
asphaltic crudes. 

This work indicates a definite possibil- 
ity of improving asphalts for some 
specific purposes where special char- 
acteristics are desired. ‘There is a large 
amount of work to be done along simi- 
lar lines which may lead to a wider uti- 
lization of asphaltic products. Better 
methods of evaluation are desirable 
since it is evident that the constituents 
from no two sources are identical. 
Asphaltenes are not a definite series of 
compounds but their characteristics and 
value vary widely with the source and 
manner of refining. The quality of 
resins and oils in different asphalts is 
also variable and the accelerated weath- 
ering test is only an empirical method of 
evaluation. Adequate scientific expla- 
nations for the results reported in this 
paper are needed, and the necessity for 
further investigation is indicated. 
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DISCUSSION 


Mr. P. M. Van Doormaar.'—I 
should like to ask whether the picture 
of the weathering was the same in all 
cases. Mr. Thurston gave a number of 
days after which failure occurred. Is the 
picture of the failure in every case the 
same? 

Mr. R. R. THurston.2—We have 
defined failure as the number of daily 
cycles at which the metal shows through 
the asphalt in at least two spots which 
are further than } in. from the edge of 
the panel. The patterns at the time of 
failure are not the same but vary in 


Engineer, Shell Development Co., Emeryville, 
Calif 

2 Chemical Division, The ‘Texas 
Company, New York C 


regard to the number and size of the 
developed cracks, checking, and general 
surface appearance. 

Mr. V. A. Enperspy.’—I should 
like to ask whether any attempt has 
been made to correlate the pattern of 


weathering with the different con- 
stituents of the material. 
Mr. ‘THurston.—Asphalts from 


straight crude oil sources consistently 
show characteristic pattern at failure. 
There seems to be no correlation, how- 
ever, of the failure patterns on these 
synthetic products where we have 
crossed up so many constituents from 
various sources. 


a Engineer, Shell Development Co., Emeryville, 

Cali 
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TURPENTINE 


American steam-distilled wood turpen- 
tine generally falls well within the re- 
quirements of the Society’s Standard 
- Specifications for Spirits of Turpentine 
Although the values for 


its refractive index and specific gravity 
(see Table I) are generally lower than 


_ is the same or nearly the same. 


the corresponding values for gum spirits, 
these properties do not clearly distin- 
guish them. Their boiling range is not 
very dissimilar. Its odor has long been 
regarded as a characteristic and distin- 
guishing feature of steam-distilled wood 
turpentine, but continued improvement 
in the process of producing and refining 
has rendered this distinction less and less 
obvious. The fact that the distinction 
is less obvious has possibly led to the 
belief on the part of some that the com- 
position of the two kinds of turpentine 
How- 
ever, as has been found by recent ex- 
aminations,** there is a marked differ- 


ence in composition between gum spirits 


and steam-distilled wood turpentine. 
Dupont and his coworkers’ fraction- 
ally distilled American steam-distilled 
wood turpentine and determined the 
Raman spectra of the fractions. They 
suggest this procedure as a method for 
the monocyclic constituents 


1 Assistant Chemist, and Senior Chemist, respectively 
Naval Stores Research ‘Division, Bureau of Chemistry ped 
Soils, U. S. Department of Agriculture, Washington, D. C. 

21936 Book of A. S. T. M. Standards, Part II, p. 742. 

3G. Dupont, Mme. Rambaud and M. Bonichon, “Sur 
la Composition de |’Essence Americaine Bois” Bulletin 
de l’institut du pin, Vol. 3, No. 6, p. 121 (1935). 

4S. Palkin, T. C Chadwick and M. B. Matlack, ‘‘Com- 
position and Fractionation of American Steam-Distilled 
Wood Turpentine,” Technical Bulletin No. 596, U. S. 
Dept. Agriculture, Washington, D. C., November, 1937. 


THE COMPOSITION OF AMERICAN STEAM-DISTILLED WOOD 
AND A METHOD FOR ITS IDENTIFICATION 


By T. C. CuHapwick! ANp S. PALKIN! 


-dipentene, terpinene, and terpinolene 
—characteristic of this kind of tur- 
pentine. 

Where such apparatus is available, 
this method is no doubt useful. The 
method herein proposed is based on the 
identification by chemical means of the 
aldehydic and terpene alcohol constit- 
uents, which characterize this kind of 
turpentine. 

In the investigation on the composi- 
tion of steam-distilled wood turpentine 
made in this laboratory, 15 kg. of a 
commercial steam-distilled wood turpen- 
tine meeting the specifications of the 
Society were subjected to a careful frac- 
tional distillation under reduced pres- 
sure. A systematic examination was 
made of the physical and chemical prop- 
erties of the fractions so obtained. The 
constituents were identified by charac- 
teristic derivatives. Detailed descrip- 
tions of distillation apparatus, proce- 
dures, and the chemical methods used 
for identification of constituents are 
being published elsewhere. The meth- 
ods used for the identification of some of 
the constituents characteristic of steam- 
distilled wood turpentine serve as a basis 
for the chemical testing scheme herein 
proposed. 

In this paper only the summary data 
and conclusions on the composition! of 
steam-distilled wood turpentine are 


5 E. K. Nelson, of the Bureau of Chemistry and Soils, 
showed the presence of benzaldehyde, fenchy] alcohol, 
borneol and terpineol in steam distilled wood turpentine, 
April, 1927, unpublished report. 
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given. The turpentine was shown to in a previous publitation,® virtually all 
consist of the following: of the hydrocarbon portion consists of 

Dicyclic hydrocarbons: dicyclic terpenes, about two-thirds of 
a-pipene (about 80 per cent of the which are a- and one-third 8-pinene. 
turpentine) The difference in gross composition of 
B-pinene and camphene (very small the two turpentines, while not evident 
quantities). from the usual routine physical tests, 
Monocyclic hydrocarbons (constitut- becomes manifest on fractional distilla- 
ing most of the remainder of the _ tion, as may be seen from Figs. 1 to 6. 
ne turpentine) including terpinene, Distribution, with respect to boiling 
‘ terpinolene, dipentene (limonene). range at 20 mm., of fractions of steam- 
ur ’ 
ale, TABLE I.—PropERTIES OF SAMPLES OF TURPENTINE BY A. S. T. M. Tests. 
| Initial Distilling Distilling 
the | Specific Refractive Tempera- Below Below 
he Saale | Kind of Gn vit Index, ture at 170 C. at | 180 C. at 

the Turpentine” 155/15 N20€. 760-mm. | 760-mm. | 760-mm. 
tit- Pressure, Pressure, | Pressure, 
5 deg. Cent.| percent | percent 

S.D.W. 0.863 1.467 154 

JOSI- $.D.W. 0.861 1.468 155 

tine S.D.W. 0.861 1.467 153 

pen- S.D.W. 0.861 1.465 152 
the Gum 0). 867 1.473 156 
Gum 0.869 1.471 157 | 93 
frac- Gum 0.868 1.472 156 
DD. 0.860 1.475 148 79 94 
was ASTM Specification ee Gum; S.D.W., and 0.860 to 0.875 1.465 to 1.478 150to 160 90 min. 
Sulfate 
yrop- ASTM Specification... D.D. 0.860 to 0.875 1.463 to 1.483 150to 157. 60 min. 90 

The * Sample numbers represent venta from different producers. 
arac- ’S.D.W. = steam-distilled wood turpentine, D.D. = destructively distilled turpentine. 

a : © Does not conform with Society’s specification for S.D.W. 
scrip- 

“aaa Terpene alcohols including fenchy] al- distilled wood turpentine and of gum 
. os cohol, borneol, a-terpineol (pres- spirits, is shown in Figs. 1 and 2, respec- 
aii, ent in small quantities). tively. As may be noted, the percent- 
pene Other compounds including low-boil- age distilling around 50 to 52C., the 
ing paraffin hydrocarbons, ben-  a@-pinene region, and the percentages dis- 
teal zaldehyde, furfural, cineol, sobre- _ tilling around 57 to 59C., the 6-pinene 
novela rol (present only in traces). region, respectively, differ markedly in 

Very small quantities of phenols andthe two turpentines. The optical rota- 
y data phenol ethers are present, of which only — tion curves (Figs. 3 and 4) and the re- 
‘on? of | Methyl chavicol (or anethol) was identi-  fractive index curves (Figs. 5 and 6) 
e are | fed. The presence of traces of camphor show marked differences in form of those 
and cymene are probable. Small quan- parts after the a-pinene. 
tities of polymerization and oxidation 
and Soils ; _ 6S. Palkin, “The Fractionation of American Gum 
alcohol, products are also present. of and Evaluation of Pinene 
ine, tent by Optical Means,” Technical Bulletin No. 276, U.S. 
ape In gum spirits, how ever, aS Was shown Dept. Agriculture, Washington, D. C., January, 1932. =) 
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lic. 1.—Distribution with Respect to Boiling Range at 20 mm. of Fractions of Steam-Distilled 
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2.—-Distribution with Respect to Boiling Range at 20 mm. of Fractions of Longleaf 
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practice. 


In this connection, it must be remem- 
bered that whereas gum spirits repre- 
sents the whole of the steam volatile oil 
of pine gum and is normally of reason- 
able uniformity in composition, turpen- 
tines from other sources, such as steam- 
distilled wood turpentine, are in the 
nature of fractions, the composition of 
which is dependent not only on the com- 
position of the oleoresin contained in the 
resinous wood, which is different from 
that of the exuded gum oleoresin, but 
also upon the degree of rectification and 
refinement to which the turpentine has 
been subjected. 

Detailed procedures are given under 
tests a and b described below for estab- 
lishing the presence or absence of benzal- 
dehyde and fenchyl alcohol, two char- 
acteristic constituents present in all 
samples of steam-distilled wood turpen- 
tine meeting the Society’s specifications 
thus far examined. 

The proposed tests provide for the use 
of a 250-ml. sample of turpentine. In 
some instances 80 ml. were found suffi- 
cient. However, the adequacy of the 
size of sample must be considered in 
terms of the commercial product, pre- 
pared under present-day commercial 
Any improvement in the rec- 
tification and refinement of steam-dis- 
tilled wood turpentine involving sub- 
stantial elimination of benzaldehyde and 
fenchyi alcohol will obviously necessitate 
the use of larger size samples for the 
test. The refinement may conceivably 
even be carried to the point where the 
quantity of sample required would ex- 
ceed the laboratory facilities for handling 
it analytically. 

The following is a brief outline of the 
principles upon which the schematic 
treatment of the turpentine is based: 

A sample of the turpentine is extrac- 
ted with bisulfite solution to remove 
aldehydes. The aldehydes, liberated 


petroleum ether. The petroleum ether 
extract of the aldehydes is washed with 
water to separate more completely the 
benzaldehyde from furfural. The ben- 
zaldehyde, after evaporation of solvent, 
is identified by converting to the 2,4 
dinitrophenylhydrazone. The aldehyde- 
free turpentine is then extracted with 
alkali in order to remove phenolic 
and acidic materials. The alcohols in 
the turpentine are then converted to 
non-volatile borates’ by treatment with 
butyl borate, the hydrocarbon part of 
the turpentine being removed by 
vacuum distillation. The alcohols, lib- 
erated from the borate and steam dis- 
tilled, are treated with phthalic an- 
hydride and the unreacted tertiary 
alcohols (terpineols, etc.) are removed 
from the secondary alcohols, fenchol, 
etc. The crude acid phthalates are ex- 
tracted with petroleum ether, then sub- 
jected to recrystallization for identifica- 
tion of the fenchol as the acid phthalate. 

Preliminary tests using this procedure 
were made, using a synthetic mixture 
consisting of 1000 ml. of freshly distilled 
gum spirits to which had been added 
0.07 g. of benzaldehyde, 1 g. fenchy] al- 
cohol, and 0.03 g. furfural. No diffi- 
culty was experienced in obtaining posi- 
tive tests for each of these compounds. 
The yield of 2,4 dinitrophenylhydrazone 
of benzaldehyde, and of acid fenchyl 
phthalate, were more than sufficient for 
the subsequent purification and recrys- 
tallization incident to the identification 
of these compounds. 


The turpentine to be examined is 
steam distilled. 


7A. A. Kaufmann, French Patent No. 702,154, March, 
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from the bisulfite extract, are steam dis- 
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Test a.—Approximately 250 ml. of the 
freshly distilled turpentine is extracted 
four times with 10-ml. portions of sodium 
bisulfite solution® and then washed with 
water. The combined bisulfite extracts 
and washings are then filtered through 
paper. The aldehyde-freed turpentine 
sample is reserved for test b. The bi- 
sulfite solution is made alkaline with 
sodium carbonate to liberate the alde- 
hydes. The reaction mixture is then 
subjected to steam distillation and a 
total of about 100 ml. of steam distillate 
collected. If benzaldehyde is present, 
its odor will be perceptible in the steam 
distillate; also, if furfural is present it 
may be detected by testing a few drops 
of the distillate with aniline acetate. 

The steam distillate is then extracted 
four times with 10-ml. portions of petro- 
leum ether. The solvent separates as a 
cloudy layer, which may be cleared with 
a few grains of sodium chloride. The 
petroleum ether solution is washed 
twice with 10-ml. portions of water. 
After filtering through paper to remove 
mechanically held water, the solvent is 
evaporated. The oily residue is treated 
with 30 to 50 mg. of 2,4 dinitrophenyl- 
hydrazine and 3 to 5 ml. of glacial acetic 
acid. The reaction mixture is boiled for 
a few minutes and allowed to cool. If 
benzaldehyde is present, a solid promptly 
settles out. The dinitrophenylhydra- 
zone is recrystallized from boiling ace- 
tone, then from boiling glacial acetic 
acid, and dried. The derivative should 
melt between 237 and 242 C. The melt- 
ing point of pure benzaldehyde 2,4 
dinitrophenylhydrazone is 241 to 242 C. 

Test b.—The sample of turpentine 
from which the aldehydes had been re- 
moved is extracted with 2 N sodium 


8 Sodium bisulfite solution was prepared by passing 
sulfur dioxide into a saturated solution of sodium car- 
bonate. The sodium bicarbonate formed in the early part 
of the reaction redissolves, and the bubbling of sulfur 
dioxide is continued until saturated. 
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hydroxide, washed with water, and 
steam distilled. The turpentine layer of 
the distillate is separated from the water 
and filtered through paper to remove 
mechanically held water. The alcohols 
contained in the sample are separated 
from the turpentine medium by treat- 
ing in the following manner with butyl 
borate: 

About 5 to 10 ml. of butyl borate are 
added to the turpentine in the distilla- 
tion flask of a vacuum distillation as- 
sembly. The pressure is held at 50 to 
60 mm. for 15 min., the reaction mix- 
ture is shaken occasionally, and the bath 
surrounding the distillation flask is 
heated to 70 C. during this period. The 
pressure is then lowered and the bath 
temperature increased to start rapid dis- 
tillation. The bath temperature is 
gradually raised to 120 C. and the pres- 
sure reduced to 4 mm. and held there 
for 15 min. after the distillation has 
practically stopped. After 25 ml. of 
2 N sodium hydroxide has been added to 
the borate remaining in the distillation 
flask, the liberated alcohols are steam 
distilled. The terpene alcohols are ex- 
tracted from the steam distillate wi h 
petroleum ether and the petroleum ether 
is washed with water to remove traces of 
butyl alcohol. After filtering through 
paper, the solvent is evaporated. At 
this point the musty odor of fenchy] al- 
cohol may be apparent. To the residue 
after evaporation of the petroleum ether 
is added one part by weight of phthalic 
anhydride and two parts by weight of 
benzene, and the whole heated under 
reflux on the steam bath for 40 to 48 hr.® 
The reaction mixture is cooled and 
shaken with an excess of 2 N sodium 
hydroxide and then extracted with ethyl 


9 This procedure has been found effective for preparing 
acid phthalates of secondary as well as primary alcohols, 
see S Palkin, T. C. Chadwick and M. B. Matlack. “Com 
position and Fractionation of American Steam-Distilled 
Wool Turpentine,” Technical Bulletin No. 596, U.S. Dept. 
Agriculture, Washington, D. C., November, 1937. 
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ether to remove tertiary alcohols. The 
alkaline water solution containing the 
acid phthalates of the secondary alco- 
hols is then acidified with hydrochloric 
acid using Congo red as the indicator, 
and extracted with 75 to 100 ml. of ben- 
zene. After filtration of the benzene 
solution through paper to remove 
phthalic acid and traces of water, the 
solvent is evaporated. At this point the 
residue usually crystallizes, but if it does 
not immediately, it is covered with 5 to 
10 ml. of petroleum ether and allowed to 
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hol, and finally dried. The melting 
point of fenchyl acid phthalate! is 169 
to 170 C. 

In order to test the general applica- 
bility of the method, commercial samples 
of steam-distilled wood turpentine from 
several sources, and, for comparison, 
samples of gum spirits, of sulfate tur- 
pentine, and of destructively distilled 
wood turpentine were subjected to tests 
by the above method. The properties 
of these turpentines as determined by 
the Society’s methods" are given in 


TABLE oF TESTs ON VARIOUS TUPENTINES. 


Fenchy] Alcohol 


Benzaldedyde 
Kind of . | Used for "Melting Point | “Aniine | 7. | Melting Point 
ind Used for elting Point niline elting Point 
Sample Turpentine” | Test, | , of | of Acetate of Isolated 
ml. “Aldehyde Dinitrophenyl- Test Alcohol 
” razone, ” thalate, 
Distillate og Cent. Distillate deg. Cent. 
S.D.W.® 250 Positive 239 to 240 Positive Indicated 169 to 170 
aaa S$.D.W. 500 Positive 241 to 242 Negative Indicated 169 to 170 | 
| “> Saar S.D.W. 200 Positive 241 to 242 Positive Indicated 169 to 170 © 
“eer S.D.W. 200 Positive 239 to 240 Negative Indicated 169 to 170 | 
OS, Serr S.D.W. 500 Positive 241 to 242 Negative Indicated 169 to 170 © 
ee S.D.W. 250 Positive 241 to 242 Positive Indicated 169 to 170 © 
Se ae S.D.W. 250 Positive 241 to 242 Positive Indicated 169 to 170 
noe S.D.W. 250 Positive 241 to 242 | Positive Indicated 169 to 170 7 
oe S.D.W. 250 Indicated | None obtained | Negative Indicated 169 to 170 
S$.D.W. 180 Positive 241 to 242 Negative Indicated 169 to 170 
2 ea S.D.W. 80 Positive 241 to 242 | Positive Indicated 169 to 170 
? Se ERP Gum 300 Negative None obtained | Negative Negative None isolated 
Gum 400 Negative None obtained | Positive Negative None isolated 
Gum 400 Negative None obtained | Negative Negative None isolated 
ESE Gum 300 Negative None obtained | Negative Negative None isolated 
SEES D.D. 250 Indicated | None obtained | Positive Indicated 169 to 170 
SERS Sulfate 250 Indicated | None obtained | Negative Negative None isolated 


“sample numbers represent products from different producers. 


D.W. = steam-distilled wood turpentine, D.D. = destructively distilled turpentine. 


© Does not conform with Society’s specification for S.D.W 


stand overnight to induce crystalliza- 
tion. When crystallization has taken 
place, the petroleum ether is decanted 
and the crystalline mass warmed to evap- 
orate the adhering petroleum ether. 
The crystals are then dissolved in ethyl 
alcohol, the solution treated with de- 
colorizing carbon, and filtered. The 
alcohol filtrate is then evaporated to 
about 5 to 10 ml., and an equal volume 
of water is slowly added. ‘The crystals 
which thus form are recrystallized two or 
three times from 50 per cent ethyl alco- 


Table I. The results of test by the 
method described in this paper are 
shown in Table II. 

As may be seen from Table II, all of 
the steam-distilled wood turpentine 
samples conforming to the Society’s 
specifications showed the presence of 


10 Harry Schmidt and Lee Schulz, “On Spatial Iso- 
merism in the Fenchol Series,”’ Annual Report on Essential 
Oils, Synthetic Perfumes, etc., 1935 English Edition, p. 93, 
Schimmel and Co., Miltitz near Leipzig. 

Standard Methods of 7% and Testing Tur- 
a (D 233-36), 1936 Book of A. S. T. M. Standards, 

art II, p. 744. 
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both benzaldehyde and fenchy] alcohol 
in sufficient quantity to permit isolation 
of derivatives. None of the samples of 
gum spirits gave any indication of these 
compounds. 

Both destructively distilled and sul- 
fate wood turpentine gave some indica- 
tion by odor of the presence of benzalde- 
hyde, but gave a negative test with the 
2,4 dinitrophenylhydrazine, a delicate 
test for benzaldehyde. Fenchy] alcohol 
was isolated from the destructively dis- 
tilled wood turpentine, but none was 
indicated in the sulfate turpentine. 

The test for furfural, while included in 
the tabulated results, is not regarded as 
significant, since it has been found not 
only in steam-distilled wood turpentine, 
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but also in gum and in destructively dis- 
tilled wood turpentine, and does not 
occur consistently in any of these. 


SUMMARY 


Data have been presented on the frac- 
tionation and composition of American 
steam-distilled wood turpentine which 
show this turpentine to be decidedly 
different in composition from gum 
spirits. A chemical method has been 
described for the identification of steam- 
distilled wood turpentine, and for dis- 
tinguishing it from gum spirits by tests 
for benzaldehyde and fenchy! alcohol 
compounds shown to be present in com- 
mercial steam-distilled wood turpentine, 
but absent in gum spirits. 
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By J. O. Drarrin' AND C. W. MUHLENBRUCH? 


SYNOPSIS 


‘This report presents results of tests made on balsa wood ranging in density 
from 5.18 to 14.86 lb. per cu. ft. Properties investigated are the elastic limit, 
modulus of rupture and modulus of elasticity in bending; the elastic limit, ulti- 
mate strength and modulus of elasticity in compression parallel and perpendic- 
ular to the grain; column strength and cleavage. Studies are also reported 
on the strength of balsa under sustained or long-time bending loads. 

‘The investigation shows that: (1) all of the mechanical properties of balsa 
which were studied vary with the density according to equations which have 
been developed, and (2) after allowance for the difference in density, the 


Balsa is a light-weight wood, from one- 
fifth to one-half as heavy as white pine. 
It is a second-growth wood, a native of 
Central and South America and the West 
Indies; in appearance it resembles the 


cottonwood tree. Because of its tropical 
habitat the tree grows rapidly, reaching 
a height of 36 ft. and a diameter of 25 
in. in five years. 

In the early years of growth, a very 
light pith-like wood is formed whereas 
in later years the tree develops a heavier 
type of wood. It is the light wood which 
is the subject of the present investiga- 
tion. 

At present balsa is used in many types 
of airplanes for various non-stress-carry- 
ing members such as outboard struts, 
fairing parts, flooring, partitions, panels, 
etc., in cabin construction. It is also 
used in recreational apparatus, in life 
preservers and as sound and heat insula- 


1 Professor, be egg and Applied Mechanics, Univer- 
sity of Illinois, Urbana, I 
2 Testing Engineer, The Aluminum Company of Amer- 
ica, New Kensington, Pa. Formerly a student at the Uni- 
versity of Diincis, Urbana, Ill. 


strength of balsa compares favorably, particularly for the higher densities, 
with the strength of such woods as white pine and redwood. © 


tion, both in the shredded and plank 
form. An airplane designer states that 
it is not used for stress-carrying parts in 
airplanes because not enough is known 
of its mechanical properties. Since there 
is such a small amount of information on 
balsa in engineering literature, the pri- 
mary purpose of these tests was to 
provide ‘data on the mechanical proper- 
ties of this wood and thus make it pos- 
sible to use it in the design of stress- 
carrying parts. 


MATERIALS AND SPECIMENS 


The wood resembles white pine some- 
what but has a silvery luster and, be- 
cause of its uniform rate of growth, is 
devoid of annular rings. A planed 
surface has a streaked appearance similar 
to that seen in oak or chestnut. The 
wood is extremely light and porous and 
is easily injured or indented by blows or 
high local pressure perpendicular to the 
grain. 

The material u ed i in these tests was 
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received as rough plank, 7 to 8 ft. long, 
2 to 3 in. thick, and 7 to 8 in. wide, with 
an average moisture content of about 
five per cent. It was stored in the 
laboratory, which is warm and dry, and 
was cut into pieces of the desired size 
and shape and planed smooth. The 
density ranged from 5.18 to 14.86 lb. 
per cu. ft. or 0.0030 to 0.0086 Ib. per cu. 
in., the latter being the unit used in 
presenting the data. 

Specimens were prepared for tests in 
bending, compression parallel and_per- 
pendicular to the grain, cleavage and 
columns. The greater number of the 
bending tests were made on beams nomi- 
nally 13 by 3 by 20 in. which were tested 
flatwise with a concentrated load at the 
center of a span of 18 in. A few larger 
specimens 2 by 1 by 26 in., tested with a 
span of 24 in., were used for comparison 
with the smaller beams. 

For tests in compression parallel to 
the grain, the specimens were 2 by 2 in. 
in cross-section and 6 in. long, while 
those for tests in compression perpendic- 
ular to the grain were 2 by 4 in. in cross- 
section and 2 in. in height. Columns 
ranged in length from 3 to 45 in. with 
cross-sections 1 by 1 in., 13 by } in., and 
13 by 13 in. Cleavage specimens were 
made according to the requirements of 
the A.S.T.M. Standard Methods of 
Testing Small Clear Specimens of Tim- 
ber (D 143 - 27), and were 2 in. wide with 
a minimum length of 2 in. 

APPARATUS 

Short-Time Tests.—Beam tests were 
made on a motor-driven beam-testing 
machine reading the load to 1 lb. All 
other tests were made on a hand-oper- 
ated, screw-power machine reading the 
load to 2) Ib. or on a hydraulic machine 
reading the load to 10 lb. 

Readings of strain in compression 


31936 Book of A. S, T. M. Standards, Part II, p. 465. 


parallel to the grain were taken over a 
gage length of 4 in., with a compres- 
someter of the multiplying lever type 
fastened to the specimen by screws. 

For compression perpendicular to 
the grain, the strain was read directly 
by means of two Ames dials which re- 
corded the movement of the upper load- 
ing block on the specimen. 

Columns were tested in a vertical 
position and were round-ended. The 
load was applied through plates at top 
and bottom, the plates rested on 3-in. 
steel balls which effectively eliminated 
end restraint. 

Long-Time Tests.-For the test of 
beams under sustained or long-time 
loads, a rack capable of holding 16 
beams was built of two light I-beams 
placed 18 in. apart, center to center, and 
supported at three points. Small round 
rods were placed lengthwise on top of 
the I-beams and 18 in. apart to support 
the bearing plates on which the test 
beams rested. The loads consisted of 
concrete cylinders, made for the purpose 
and painted to avoid change in weight, 
hung at the mid-span of the 13 by 3 by 
20-in. beams. The loads were suspended 
from a yoke or loading saddle at the 
center of the span, the saddle resting on a 
3-in. steel ball which in turn rested on a 
bearing plate on the beam. Deflections 
of the beams were obtained with a de- 
tachable micrometer screw which meas- 
ured the distance between the top of 
the loading saddles and the bottom of a 
small I-beam which was fastened to the 
rack slightly above the saddles. 


Test DATA AND DISCUSSION 


It was necessary to handle the wood 
carefully in order to avoid injury to it, 
especially since the specimens tested 
were relatively small and an injury 
would have a considerable effect on the 

“strength of the piece. a 
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The values of all properties were 
found to vary with the density of the 
specimens, as a rule the values being 
higher as the density increased. 


Compression Parallel to Grain: 


Properties Found from Stress-Strain 
Curves.-The tests for these properties 
were made on 70 specimens, with an 
attached compressometer to measure 
strain. The data were plotted as stress- 
strain curves from which the elastic 
limit and modulus of elasticity were 
obtained for the individual tests. The 
elastic limit was found to be between 65 
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Fic. 1.—Relation of Modulus of Elasticity 
in Compression and Bending to Density. 


to 95 per cent of the ultimate strength 
of the specimens with the screw holes 
from the compressometer. The strength 
of these specimens was 10 to 25 per cent, 
or an average of 15 per cent, less than 
the strength of the specimens without 
screw holes. Thus the elastic limit 
would be about 55 to 80 per cent of the 
ultimate strength of solid specimens, 
the values of which are plotted in Fig. 2. 
The values of the modulus of elasticity 
are plotted in Fig. 1, each plotted point 
being the average of 2 to 5 tests. The 
relation of the modulus of elasticity, 
E., in pound per square inch, to the den- 
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sity, 7, in pound per cubic inch, is given 
by the equation: 


E, = 346,000 (5600 — 1) 


The variation of the upper and lower 
limits from this equation is +92,000 Ib. 
per sq. in. 

Compressive Strength.—A total of 84 
pieces was tested for compressive 
strength, only the ultimate loads being 
observed. The results are shown in 
Fig. 2, each plotted point being the 
average of from 2 to 6 tests. The rela- 
tion of compressive strength, S,, in 
pound per square inch, to density, a, is 
given by the equation: 


S. = 450 (9700 — 1) 


Modulus of Rupture, Ib persq in 


2000 
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lic, 2.—-Relation of Compressive Strength 
and Modulus of Rupture to Density. 


The variation of the upper and lower 
limits from this equation is + 330 Ib. 
per sq. in. 


Compression Perpendicular to the Grain: 


A total of 17 specimens was tested and 
load-strain readings taken well beyond 
the elastic limit. Stress-strain curves 
were plotted for each test and from these 
curves, which were very regular, the 
elastic limit and modulus of elasticity 
were found. The elastic limit ranged 
from 43 to 127 lb. per sq. in., with most 
values lying between 46 and 75 lb. per 
sq.in. The modulus of elasticity varied 


from 13,000 to 126,000 lb. per sq. in., 
with the larger number of values be- 
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tween 30,000 and 70,000 lb. per sq. in. 
The points were too scattered to warrant 
equations but without exception the 
higher densities had the higher values 
for both elastic limit and modulus of 
elasticity; the reverse, however, was 
not true since some high values of elastic 
limit and modulus of elasticity were 
found with low densities. a 


Beam Tests: 


Short-Time Tests--A total of 124 
beams was tested in this series. The 
beams failed initially in compression 
and finally in tension. Those with the 
lower densities seemed more brittle and 
brash than those with higher densities. 
The larger beams, 2 by 1 by 26 in., gave 
somewhat lower values for all properties 
than the smaller beams, probably be- 
cause the variation in density within 
any specimen was greater. 

Load-deflection readings were taken 
and these data were plotted as curves 
from which the elastic limit, the modulus 
of rupture, and the modulus of elasticity 
were computed for each beam. The 
curves were similar in general shape to 
those ordinarily found for timber. The 
results obtained from individual curves 
were plotted as density - modulus of 
elasticity and density - modulus of rup- 
ture graphs and are shown in Figs. 1 and 
2, respectively. Each plotted point for 
the beam tests represents, with one or 
tv » exceptions, the average of 3 to 6 
tests. From the average line the relation 
of modulus of rupture, ,, in pound per 
square inch, to density, o, is given by 

the equation: 
S, = 1800 (5250 — 1) 


The variation of this equation from the 
upper and lower limits is + 650 lb. per 
sq. in. The elastic limit was found to 
be between 76 and 94 per cent of the 


modulus of rupture. 


The relation of modulus of elasticity 
in bending, F;, in lb. per sq. in., to den- 
sity, a, is given by the equation: 


The variation of the upper and lower 
limits from this equation is + 92,000 Ib. 
per sq. in. 

Long-Time Tests.—The length of the 
loading period is an important factor in 
beams, some beams of ordinary timber 
breaking at a load but little more than 
50 per cent of that required to produce 
failure under short-time tests.‘ The 
modulus of rupture for any given density 
having been found by short-time tests, 
specimens of the same density, and there- 
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Fic. 3.—Characteristic Creep-Time Curves 
for Beams Subjected to Continued Loading. 


fore presumably of the same strength, 
were placed in the rack and loaded with 
various proportions of the load required 
to cause failure under the short-time 
test. The percentage used for different 
beams was from 20 to 90 with 66 per cent 
marking a critical value. The average 
time required for failure to occur in the 
case of all specimens loaded beyond 66 
per cent of the short-time strength was 
435 hr. Below 66 per cent no failures 
occurred. 

After a beam had been placed on the 
rack and the load applied, deflection 
were taken each day or as often 

Moore, ‘Textbook of Engineering Materials,” 


4H. F 
Fifth Edition, p. 223, McGraw-Hill Book Co., Inc., New 
York City (1936). 
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as necessary. These deflection readings 
were then plotted against time. Since 
the deflections continued to increase 
with time, they were designated as 
creep, and the curves were called creep- 
time curves. Two such characteristic 
curves are shown in Fig. 3. One shows 
the creep-time relation for a specimen 
which failed after 1250 hr. under 66 per 
cent of the short-time ultimate load. 
The other is for a specimen which had 
not failed when loaded for 2200 hr. with 
58 per cent of the ultimate load but 
which continued to deflect as the time 
increased. Many of these beams have 
been under load for 2500 to 4000 hr. 
and the deflection is still increasing. 
The humidity of the room affected the 
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Fic. 4.—Relation of Load to Creep for 
Beams Subjected to Continued Loading. 


amount of deflection; during and imme- 
diately after a few damp days the deflec- 
tion would increase rapidly and as the 
humidity again became normal the 
deflection would diminish. 

All of the beams tested were adjusted 
to a modulus of elasticity and moment of 
inertia of an arbitrarily selected stand- 
ard beam 13 by 3 by 20 in. with a density 
of 0.0060 Ib. per cu. in. By this adjust- 
ment of all beams to a common basis, it is 
possible to show the relationship between 
the percentage of the ultimate short- 
time load applied and the total creep 
for any given time, a period of 2000 hr. 
being used in Fig. 4. It will be noted 
that there is a large variation in the 
total creep for any given percentage of 
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load, some specimens deflecting only 
0.05 in. in 2000 hr., while others with the 
same proportionate load deflected 0.12 
in. in the same time. The explanation 
of this difference seems to be that the 
density, and therefore the other proper- 
ties, of balsa is variable to a high degree, 
not only between different specimens 
from the same plank but in different 
parts of the same specimen. 


Column Tests: 


The slenderness ratio, l/r, of the 
columns varied from 5 to 200, but since 
the columns were of different densities 
and consequently had different moduli 
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Fic. 5.—Relation of Load to Slenderness 
Ratio for Balsa Columns. 


of elasticity it was not possible to make 
an effective comparison on the basis of 
load and slenderness ratio alone. Ac- 
cordingly, using a density of about 8.8 
lb. per cu. ft., corresponding to a modu- 
lus of elasticity of 500,000 Ib. per sq. 
in., as a basis, the slenderness ratio was 
changed to an equivalent value by 
varying the length inversely with the 
modulus of elasticity. This adjustment 


is in accordance with the Euler formula. 
The equivalent slenderness ratio is used 
in plotting the points in Fig. 5 where 
each point is the average of 4 to 5 tests. 
For slenderness ratios of 50 or more the 
average curve for the test results agrees 


fe 
re 
el 
a 
0} 
b 
| P 
1’ 
1 
is 
| m 
Sp 
st 
to 
ize 
ea 
th 
me 
bl 


ess 


fairly well with the Euler curve based on 
round ends and an assumed modulus of 
elasticity of 500,000 Ib. per sq. in. The 


average strength of these columns, based _ 


on a density of 8.8 lb. per cu. ft., may 
be expressed as follows: 

For slenderness ratios less than 25, 
P/A = 1400 lb. per sq. in.; 

between 25 and 80, P/A 
17 L/r; 

in excess of 70 to 80, P/A 


1800 — 


1400 


1 + 0.00031 (I/r)? 
Cleavage: 


The ability of wood to resist splitting 
is sometimes of importance. Tests were 
made of this property using 35 cleavage 
specimens. The relation of cleavage 
strength, S,., in pound per linear inch, 
to density, o, is shown in Fig. 6 and is 
expressed by the equation: 


Ser = 6 (14300 + 1) 


Each plotted point in Fig. 6 represents 
2 to 4 tests. 


SUMMARY 


The data presented in this paper with 
respect to balsa wood may be summar- 
ized as follows: 

1. Balsa is a very soft wood and is 
easily indented or bruised; it is not, 
therefore, suitable for stress-carrying 
members which may be subjected to 
blows, rubbing against other parts, or 
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abrasion. If used where such surface 
injury may occur, the member should be 
protected by some hard veneer surface. 

2. All properties studied vary with 
the density, the numerical value of the 
property increasing as the density in- 
creases. 

3. The average numerical values of 
the properties can conveniently be 
related to the density and appropriate 
simple equations constructed showing 
this relationship. 
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Fic. 6.—Relation of Cleavage Strength to 
Density. 

4. There is the same relation between 
the properties of balsa and the properties 
of other light-weight woods, such as 
white pine, as there is between their 
densities. 

5. When subjected to continued bend- 
ing loads, balsa beams may be expected 
to fail when loaded to 60 per cent of the 
load required to cause failure in short- 
time tests. 

6. Balsa may be safely used for stress- 
carrying members if careful considera- 
tion is given to the variation in density 
(or strength). 
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A THERMODYNAMIC AND COLLOIDAL INTERPRETATION OF 
PUBLISHED STUDIES ON THE CORROSION CRACKING OF 
STRESSED MILD STEEL IN WATER SOLUTIONS 


phenomena are involved. 


SYNOPSIS 
Assuming that at elevated temperatures solutions of sodium hydroxide and 
silica produce predominantly intercrystalline cracking in stressed mild steel, 


it is shown that the corrosion is not wholly electrochemical but that colloidal 
Thermodynamic calculations are made to show 


that the spontaneity of the corroding reactions of iron in water is not affected 


by the hydroxyl ion concentration and that the observed increase in the rate of 


corrosion with sodium hydroxide concentration is probably due to peptization. 
Reasons for the inadequacy of the hydrogen embrittlement theory in explain- 
‘ing caustic embrittlement are given and a colloidal explanation is suggested. 
It is believed that silica precipitates the peptized iron oxide to protect the 
ferrite grains while permitting corrosion along highly stressed and probably 


cracked grain boundaries. 


4 


Definition: 


A special form of corrosion resulting 
in the cracking of steel has received con- 
siderable attention, especially from boiler 
users and pressure vessel fabricators. 
In the absence of a better definition and 
to distinguish it from previously iden- 
tified forms of cracking due to time, 
temperature, stress and fatigue, the 
phenomenon was called “caustic em- 
brittlement,”’— caustic, because one of 
the earlier investigators believed caustic 
soda to be the controlling factor of the 
cracking. The several investigations? * 


Metallurgist, Power Stations Dept., 
Pittsburgh, Pa. 

2 W. C. Schroeder and A. A. Berk, “Action of Solutions 
of Sodium Silicate and Sodium Hydroxide at 250 C. on 
Steel Under Stress,” Transactions, Am. Inst. Mining and 
‘Metallurgical Engrs., Vol. 120, p. "387 (1936). 

3S. W. Parr and F. G. Straub, “Embrittlement of Boiler 
Pilate,” Bulletin 177, University of Illinois Engineering 
Experiment Station, p. 29 (1928). 


Duquesne Light 


Concordance between the suggested explanation and experimental data 
in the literature is given as justification for the colloidal viewpoint. 


disclose that embrittlement cracking is 
predominantly _intercrystalline and 
occurs only when steel stressed beyond 
the yield point is immersed at elevated 
temperatures in solutions containing 
both caustic soda and silica. This is 
assumed to be the correct identification 
of the type of cracking discussed in this 


paper. 


Corrosion of Iron: 


The processes of iron and steel cor- 


rosion, whether they be classified as 
galvanic action, embrittlement, or pit- 
ting, are subject to the same physical 
and chemical principles. The spon- 
taneity of any chemical reaction can be 
determined by the equilibrium constant 
formulated from the activities of the 
initial reactants and the final products 
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without regard to the intermediate or 
transition stages. Great importance is 
therefore attached to knowing what 
molecules are being attacked and what 
the end products of the attack may be. 

Berl and van Taack*® report that at 
boiler temperatures the end product of 
corrosion of iron in oxygen-free water is 
Fe,O, containing excess FeO. Smith’s® 
experiments indicate that when elec- 
trolytic iron is heated in air above 200 C. 
(392 F) either y-Fe,O; or possibly FeO, 
is formed. The critical and exhaustive 
review of iron oxides by Welo and 
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successive layers of iron in various states 
of oxidation: FeO adjacent to the metal, 
then a layer of Fe;O, and an outermost 
layer of Fe,O;. It is very probable that 
an analogous multilayered film may be 
found on boiler surfaces, especially in 
view of the fact that FeO, free from 
other Fe-O-H,O compounds is_ very 
difficult to prepare and that FeO de- 
composes below 570C. (1060 F.) into 
Fe and 

The attempts to explain embrittle- 
ment cracking have resulted in consider- 
able speculation concerning the 


Baudisch’ leads to similar conclusions. 
Other investigators®.® observed that the 
film on air-oxidized iron consisted of 


4 E. Berl and F. Van Taack, “The Protective Action of 
Sodium Sulfate on the Attack of Ingot Iron by Alkalies and 
Salts Under High Pressure,” Archiv fiir Warmewirtschaft 
und ‘4 = selwesen, Vol. 9, p. 165 (1928). 

P. Partridge and W. C. Schroeder, ‘“‘Embrittlement 
of Beller Steel,” Metals and Alloys, Vol. 6, pp. 145, 187, 253 
311, 355 (1935). 

oN. Smith, “Structure of Thin Films of Metallic Oxides 
and Hydrates,” Journal, Am. Chemical Soc., Vol. 58, p. 
173 (1930), 

_ A. Welo and O. Baudisch, 

cal Re iews, Vol. 16, Pp. 45 (1934). 

8R. M. "Bozorth, “Structure of a Protective Coating of 

Iron Oxides,” Journal, Am. Chemical Soc., Vol. 49, p. 
969 (1927). 

*D. W. Murphy, W. P. Wood and W. E. Jominy, “Scal- 
ing of Steel at Elevated Temperatures by Reaction with 
Gases and the Properties of the Resulting Oxides,” Trans- 
actions, Am. Soc. Steel Treating, Vol. 19, p. 193 (1931). 
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Fic. 1.—Effect of NaOH upon Rate of Corrosion of Iron Powder as Measured by 
Hydrogen Evolution. 
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ence, the method of formation, and . 
stability of this oxide film in sodium 
hydroxide solutions. It has been sug- 
gested’ that sodium hydroxide reacts 
directly with the iron to yield a film of 
magnetic iron oxide according to the 
equation: 


3Fe + 40H ? + . (1) 


which upon completion and a balancing 


of charges becomes 


oF, G. Straub, ‘ ‘Embrittlement in in Boilers,” Bulletin Bulletin 
216, University of Illinois Engineering Experiment Station, 
p. 93 (1930). 
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3Fe + 4NaOH 
— Fe,O, + 2H, + 4Na..... (2) 


This reaction as well as that proposed 
by Thiel" would produce sodium metal 
by the reaction of iron with sodium 
hydroxide, for which there is no experi- 
mental evidence. 

The influence of sodium hydroxide 
upon the corrosion of boiler steel was 
investigated by both Berl’ and 
Schroeder,'* who placed powdered steel 
in a bomb at constant temperature and 
different concentrations of NaOH. They 
ascertained the extent of the corrosion, 
or equivalent oxidation, by observing 
the increase in bomb pressure due to the 
hydrogen evolved and by determining 
the increase in the oxygen content of 
the powder. The results of the two in- 
vestigations are compared in Fig. 1, 
where Berl’s data for increase in the 
oxygen content of the powder is ex- 
pressed in terms of equivalent hydrogen 
evolved, on the basis that during the 
reaction, water is the sole source of both 
hydrogen and oxygen. It will be noted 
that while the tests are not strictly com- 
parable because of different operating 
conditions, they both indicate that the 
attack of solutions of sodium hydroxide 
upon steel increases with concentration. 

There is a widespread belief that the 
sodium hydroxide promotes the cor- 
rosion by dissolving the protective layer 
of Fe;0, according to the equation: 


Fe,0, + 4NaOH + 


This explanation postulates the existence 
of sodium ferrite and ferrate in water 
boiler temperatures, and 
presumably takes no cognizance of the 
fact that the ferrous and ferric hy- 


_ droxides have been reported insoluble in 


Thiel, ‘Speisewasserplege,” Vereinigung der Gross 
kesselbesitzer, Berlin (1925). 

122, W. C. Schroeder, Progress Report No. 10 to Joint 
Research Committee on Boiler Feedwater Studies, Private 
communication (1937). 
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solutions of sodium hydroxide.“ and 
that the ferrate and ferrite hydrolyze 
in water to yield free sodium hydroxide. 
In view of these and other conflicting 
and chemically inconsistent opinions, it 
is unquestionably more logical to con- 
sider the corrosion processes in the light 
of fundamental and_ incontrovertible 
chemical data. 

Assuming that the corrosion product 
is Fe;O, and that the OH ion concen- 
tration is a controlling factor for the 
corrosion of iron in sodium hydroxide 
solutions, then 


3Fe + Fe;0, + 


2H, + 498..... 
is the equation of the corroding reaction. 


It is believed that the four electrons 
liberated in Eq. 4 are used up as follows: 


40+ 4H*+— (5) 
adding Eqs. 4 and 5 
3Fe + 40H- + 4H+ 
> +. 4H. 


Then without speculating as to what 
the intermediate reactions may be, the 
equilibrium constant for Eq. 6 may be 
formulated: 


ait, (2) 
For the reaction Ht + 


the equilibrium constant for concentra- 
ted solutions is 


ad 
OH H or @on- = 
(8) 


13 J. W. Mellor, “Treatise of Inorganic and Theoretical 
Chemistry,” Vol. 13, Part II, pp. 720, 930, Longmaas, Green 
and Co., New York City (1934) 

14 A. B. Prescott and O. C. Johnson, ‘ 


Chemi- 
cal Analysis,”’ Seventh Edition, p. 155, 


. Van Nostrand 


Co., New York City (1916). 
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Substituting for in Eq. 7 
and combining Keand Ki; 


"4H. 


Fe * 

Equation 9 is a complete and _ logical 
conclusion if Eqs. 4 and 5 are true. It 
implies that the equilibrium equation for 
the corrosion of iron in sodium hy- 
droxide solutions is controlled not by 
the OH ion activity, but by the H,O 
activity. 

Assuming end products other than 
FeO, does not alter the direction of the 
reaction. If the iron goes into solution 
at room temperature according to the 
equation: 


Fe + 2H,0 Fe(OH)2 + He..... (10) 


equilibrium will not be established until 
the pressure of hydrogen is approxi- 
mately 60 atms. or 880 lb. per sq. in.” 
Furthermore, at 242C. (470F.) the 
partial pressure of O. due to the dis- 
sociation of water into hydrogen and 
oxygen is approximately 10*° times as 
great as that just sufficient to make all 
of the following reactions spontane 


ous.!7. 18, 19 
Fe + 4 O.— FeO 

AF s1; = — 54,000 cal... (11) 
2Fe + 302 — FeO; 

AF = 162 ,000 cal.. 
3Fe 2 Oz Fe;0, 

AF = — 223,500 cal.. 
Since under boiler operating conditions 
it is quite impossible to prevent the 


% J. C. Warner, “Organic Type Inhibitors in the Acid 
Corrosion of Iron,” Transactions, Am. Electrochemical 
Soc., Vol. 56, p. 287 (1929). 

1#6L. W. Elder, “A Comparison of Certain Hydrogen 
Ion Indicator Electrodes in the Presence of Ferric Iron,” 
Transactions, Am. Electrochemical Soc., Vol. 57, p. 393 
(1930). 

_ 17M. Randall and M. Frandsen, ‘Determination of the 

Free Energy of Ferrous Hydroxide from Measurements of 
Electromotive Force,” Journal, Am. Chemical Soc., Vol. 
54, p. 40 (1932). 

%J. Chipman and D. W. Murphy, “Free Energy of 
Iron Oxides,” Industrial and Engineering Chemistry, Vol. 
25, p. 319 (1933). 

19 International Critical Tables, Vol. 7, p. 232 (1930). 


H, from escaping in reactions 6 and 10, 
and equally impossible to prevent the 
dissociation of w.ter into oxygen and 
hydrogen thus aliowing reactions 11, 12 
and 13 to continue, we must conclude 
that the only way to decrease the spon- 
taneity of the corroding reactions in 
water solutions is to exclude the water 
from contact with the iron. 


Corrosion of Metals and Metallic Com- 
pounds: 


For any metal below hydrogen in the 
electromotive series, the general equa- 
tion for corrosion might be written 
(using the letter ‘“‘M” to represent the 
metal) as follows: 


Metal + Water — Metal Oxide 
(or Hydroxide) + Hydrogen 


M + «H,O — M(OH), + 


(for hydroxide formation) . (14) 


for which 


K 
QM(OH): ° ay, 
? A(OH)z — “Ha 


(15) 
4m * 4820 
2M + M.O, + xHe (for 
oxide formation)... . . (16) 
for which 


am * 2.0 


It will be noticed, for both these general 
equations, that if the hydrogen is per- 
mitted to escape, the reactions will 
continue to completion. Hence the only 
way to prevent the corrosion is to reduce 
the activity of water to zero at the 
metal surface. This can only be ac- 
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complished by the exclusion of the 
water from the metal surface; a con- 
clusion already reached for iron and 
water. Similarly, for any metallic com- 
pound, the general reaction may be 
written 


M,A, + xyH,O — yM(OH), + 


for which — 


y x 
a 
= “M(OH)z HyA (19) 


The former reactions (Eqs. 14 and 16) 
take place at the ferrite grains, the 
latter (Eq. 18) involving a metallic 
compound very likely takes place at the 
grain boundaries of the metal. From 
the general Eq. 18, the effect of sodium 
hydroxide in promoting the reaction 
may be inferred; it would neutralize 
the acid and reduce its activity nearly to 
zero in the equilibrium equation. 

The reactions written above explain 
only that mild steel should be attacked 
in water solutions. They provide no 
explanation for the selective attack on 
the grain boundaries nor do they explain 
the contribution of silica and of caustic 
toward producing the cracking. We 
must conclude that an adequate explana- 
tion of embrittlement cannot be made 
by studying the corrosion of iron alone. 


Hydrogen’ Embrittlement: 


embrittlement may be a special case of 
hydrogen embrittlement. If this is true, 
then the phenomenon is essentially con- 
cerned with the diffusion of hydrogen 
through the steel and is similar to the 
embrittlement produced during the acid 
pickling of steel. The hydrogen, as has 
been previously pointed out, is generated 
according to Eqs. 14 or 16 during the 
reactions between iron and water to 
form either the oxide or hydroxide. 
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It has been suggested that caustic 


The literature did not settle until 
recently the nature of the diffusion 
process of hydrogen through iron, 
whether through the lattice or along the 
grain How- 
ever, the work of Smithells and Ransley*° 
shows that for hydrogen through iron, 
only lattice diffusion is involved. Ham*! 
extended the work to determining 
diffusion rates as well as the effect of 
impurities on the diffusion process. The 
observation of Korber and Ploum* that 
pure iron does not absorb hydrogen as 
readily as impure iron is supported by 
Edwards* and Morris™ who noted that 
hydrogen diffuses through steel but not 
so readily through oxides and inclusions 
contained in it. Some explanation of 
this behavior may be found in a recent 
report by Mehl,” where the general 
equation of diffusion in terms of atomi 
constants is given as: 


wr 
 D= #1 
Nh 


where D = diffusion coefficient, 
QO = heat of diffusion, 


N = Avagadro’s constant, 
h = Planck’s constant, and 
6 = interatomic distance. 


It is to be noted that if the density is 
lower, the interatomic distance must of 
necessity be greater and the gases 
diffuse far more readily. This would 
account for the greater diffusion in 
impure iron, and may in a measure 


20. J. Smithells and C. E. Ransley, “The Diffusior 
Gases Through Metals,”’ Proceedings, Royal Soc. (London), 
Vol. 150, p. 172 (1935). 

2a W. R. Ham, “The Diffusion of Hydrogen Throug! 
Nickel and Iron,’’ Presented at October, 1936, meeting, 
Am. Soc. Metals, issued as preprint but not published. 

2 F. Korber and H. Ploum, “Uber die Aufnahme des 
Wasserstoffs Durch Eisen, ” Zeitschrift fiir Electrochemie und 
angewandle phys ikalische Chemie, Vol. 39, p. 252 (1933). 

2C. A. Edwards, “Pickling: or, the Action of Acid 
Solutions on Mild Steel and the Diffusion of Hydrogen 
Through the Metal,”’ Journal, Iron and Steel Inst., Vol 
110, p. 9 (1924). 

2 T. N. Morris, ‘Diffusion of Hydrogen Through “Mild 
Steel Sheet During Acid C oo Journal, Soc. Chemi- 
cal Industry (London), Vol. 54, p. 7 (1935). 

2% R. F. Mehl, “Diffusion in Solid Metals,” Transac- 
tions, Am. Inst. Mining and Metallurgical Engrs., Vol. 122, 
p. 11 (1936). 
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account for that along the grain bound- 
aries of the steel, for the compounds of 
iron have in general a lower density than 
does the pure iron itself. (The rule of 


phase indicates that during solidification 


of steel, the last portion to crystallize 
contains the greatest quantity of 
solute—impurities—in solid solution.) 
Diffusion through an inclusion or an 
oxide may be an entirely different prob- 
lem, because of the change in the value 
of Q, the heat of diffusion, even though 
the interatomic distance is the same or 
even greater. Hydrogen embrittlement 
and caustic embrittlement are similar 
in several respects. They are both 
characterized by a predominantly inter- 
crystalline tensile failure (coincidental 
to a marked decrease in the ductility) 
and by the ability of uncracked but em- 
brittled specimens to recover their duc- 
tility upon being exposed to the air for 
a long time or upon heating for a short 
time. In other respects the comparison 
fails. Hydrogen generated in acid solu- 
tions embrittles unstressed steel, while it 
is generally agreed that relatively high 
stresses are required to embrittle steel 
immersed in sodium hydroxide solutions. 
In the diffusion equation, there is no 
provision for a stress factor unless it be 
incorporated in some way either in the 
heat of diffusion, Q, or in the change of 
the interatomic distance, 6. In addition, 
hydrogen embrittlement is accompanied 
by no appreciable reduction in the tensile 
strength of the steel such as appears 
characteristic of caustic embrittlement. 
For the action of silica there appears 
to be no explanation; corrosion and 
hydrogen evolution proceed both in the 
presence and in the absence of silica, 
while Schroeder’? has demonstrated that 
there is no correlation between the over- 
all reaction (as measured by hydrogen 
evolution) and the rate of cracking. 


A. E. White and R. Schneidewind, “Fractures in 
Boiler Metal,” Transactions, Am. Soc. Mechanical Engrs., 
Vol. 53, p. 193 (1931). 
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From the foregoing, it appears that 
embrittlement cannot be explained by 
the hydrogen embrittlement hypothesis. 
A tenable theory should not only identify 
the action of sodium hydroxide, of 
silica and of stress individually but also 
harmonize the derived conclusions with 
the experimental evidence, that all three 
are necessary for the characteristic inter- 
crystalline failure. 


Influence of Sodium 
Silica: 


Hydroxide and 


Assuming that in sodium hydroxide 
solutions at 250 C. a piece of unstressed 
steel starts to corrode according to Eqs. 
14 or 16 and 18, then no cracks are 
evident; the grains as well as the grain 
boundaries are removed at a very slow 
rate. Should the grain boundaries not 
be attacked, there still would be no 
change in the surface appearance be- 
cause of the great predominance of the 

grain areas. Berl and Schroeder’s data 
in Fig. 1 indicate that sodium hydroxide 
accelerates the corrosion of iron, whereas 
Eqs. 14, 16, and 18 indicate that sodium 
hydroxide is neither an active ingredient 
of the corrosion process nor a factor in 
determining the stability of the resulting 
iron oxide. These diverse conclusions 

may be reconciled without rationaliza- 
tion by evidence that KOH, NaOH, and 
Na;PO,; readily peptize iron oxide to 
yield a colloidal solution, and that an 
increase in the peptization follows an 
increase in the 30, 31 
Apparently the sodium hydroxide dis- 

27 A. von Buzagh, “A Method of Preparing Colloid- 
Soluble Iron Oxide and the “an ie of Its Hydrosol,” 
Kolloid-Zeitschrift, Vol. 66, Pp 129 (19 

28 A. Dumanskii and V. M. hte “ “The Method of 
oe ‘Triangular System of Coordinates in Colloid Chemis- 

try,” Journal of General Chemistry, (U. S. S. R.), Vol. 1, 
p. 209 (1931). 

29S. H. Carsley, “The Reduction of Alkali Nitrates by 
Hydrous Ferrous Oxide,” Journal of Physical Chemistry, 
Vol. 34, p. 178 (1930). 

0G. H. Ayers and C. H. Sorum, “A Study of the Influ- 
ence of Hydrolysis Temperature oa Some Properties of 
rg al Ferric Oxide,” Journal of Physical Chemistry, 
Vol. 34, p. 875 (1930). 

uF. Hazel and G. H. Ayers, ‘‘Migration Studies with 


Ferric Oxide Sols,” Journal of Physical Chemistry, Vol. 35, 
p. 2930 (1931). 
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integrates the protective oxide film by 
peptization thus promoting further cor- 
rosion of the underlying ferrite. For pro- 
tecting the ferrite against attack, we 
have a choice of two methods: by revers- 
ing the spontaneity of Eqs. 14 or 16, 
or by preventing the peptization of the 
protective oxide. From Eq. 9 we know 
that reversing the direction of the ferrite 
corrosion is a remote possibility; by 
contrast the peptization is easily arrested 
by a suitable ion or colloid, the nitrates, 
sulfates, chromates, iodates, and chlo- 
rides being characteristic examples of 
the ionic group, while stannic oxide, 
selenium, platinum, and silica are ex- 
amples from the colloidal group. 

The inclusion of silica among the 
protectors of ferrite appears anomalous 
to the evidence® that small quantities of 
silica greatly accelerate the failure and 
cracking of stressed mild steel in sodium 
hydroxide solutions—a steel which is 
principally ferrite. When silica protects 
the ferrite grains, it would follow that 
the corrosion is confined to the impurities 
and the grain boundaries. Since the 
boundaries make up only a very minute 
portion of the total volume of the steel, 
a very small amount of corrosion would 
cause considerable penetration; cracks 
naturally follow. But, under these con- 
ditions, we find that neither grain 
boundary corrosion nor cracking is evi- 
dent unless the steel is stressed near its 
yield point. 


nfluence of Stress: 


Stress increases markedly the chemical 
activity of the steel as a whole. The 
increase in the activity of the ferrite 
grains does not disturb their rate of cor- 
_rosion; that is already established by the 
rate of peptization of the oxide whose 
activity remains unchanged. 

The unprotected grain boundaries 
tend to disintegrate according to Eq. 18, 
but it appears that high stresses are 


necessary to raise the reactants to a 
plane of chemical activity where the 
corrosion is spontaneous. Any slight 
initial boundary disintegration gives rise 
to stress concentration; the grain bound- 
ary, due to its brittle nature, may crack 
and promote further disintegration by 
exposing a much larger area to attack. 
It is probable that stress makes the 
reactions spontaneous and simultane- 
ously produces submicroscopic cracks in 
which corrosion takes place. Should 
the corrosion products be unable to 
escape from the confines of the crack the 
reaction may soon be stifled; but not so 
the cracking, for if there is a volume 
increase during the corrosion process 
(as is frequently the case) then tremen- 
dous bursting forces may be generated in 
the crack. Thus the course of the crack 
is altered and stress gradients, at va- 
riance with those externally applied, may 
exist in the body of the metal. In addi- 
tion, the stress intensifies the ever- 
present anodic and cathodic areas such 
as Lochte and Paul® found on an elec- 
trode composed of annealed pure iron, 
99.859 per cent Fe and 0.026 per cent 
carbon having an area of 0.00011 sq. 
cm. If variations in atomic activity are 
found in iron of this purity, then anodic 
areas exist in ordinary impure and un- 
annealed steel where the crystalline dis- 
continuities, the grains of high surface 
energy and the unequal distribution of 
stress in the aggregate, all encourage 
unequal chemical activity. The danger 
of such areas lies in the generated poten- 
tial which induces the migration of ions 
and particles that otherwise establish 
chemical equilibrium and gives a tre- 
mendous impetus to reactions which 
naturally stifle themselves. 

Such a mechanism is quite probable. 
A crack or a slip fault in ferrite to be 
visible under the most powerful micro- 

#2 H. L. Lochte and R. E. Paul, “Electrochemical Be- 


havior of Iron in Corrosion Cells,” Transactions, Am. 
Electrochemical Soc., Vol. 64, p. 155 (1933). 
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scope must have a magnitude of several 
hundred atomic diameters, and water 
molecules have ample access to the faces 
of a crack long before that action can be 
visually noted. 
are unquestionably more reactive than 
the adjacent metal. The resulting cor- 
rosion and penetration, preceded by 
cracking, proceed very rapidly. Sim- 
ilar submicroscopic cracks are naturally 
to be expected in the extremely brittle 
grain boundaries whenever, as a result 
of stress, adjustments and deformations 
take place in the plastic ferrite matrix, 
for which yield points as low as 5000 
lb. per sq. in. have been reported.**. *.%, % 
It is apparent that under similar loads 
the ferrite is deformed without separa- 
tion, while the more brittle grain bound- 
ary may develop cracks along which 
corrosion continues. The action of 
stress may be summarized as follows: 
it increases the activity of the grain 
boundaries, it produces anodic areas, 
and finally it results in submicroscopic 
cracks which become focal points for 
the corrosion. 


The Colloidal Explanation: 


The previously suggested mechanism 
by which silica may influence the cor- 
rosion processes of steel in sodium hy- 
droxide solutions, requires some amplifi- 
cation and considerable qualification. 
SiO. and Na,O mixtures have various 
commercial designations, being called 
silicates, water glass and colloidal silica. 
It is at present agreed that only two 
silicates of soda exist, NasSiO; and 
NaHSiOs3. other ratios of to 


%H.S. Rawdon, ‘Strain Markings in Mild Steel Under 
Tension,” National Bureau of Standards Journal of Re- 
— Val. 1, p. 467 (1928). 

J. Gough, “Crystalline Structure in Relation to 
Failure of Metals” Especially by Fatigue,” Proceedings, 
Am. — Testing Mats., Vol. 33, Part I, p. 3 (1933). 

A. Edwards and L. B. Pfiel, “The Tensile Proper 
ties a Single Jron Crystals and the Intlue nce of Crystal 
Size Upon the Tensile Properties of Iron,” Journal, Lron 
and Steel Inst., Vol. 112, p. 79 (1925). 

“Plastic Deformation of Iron, 


” Am. Soc. Metals 
Handbook, p. 392 (1933). 
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SiO, are examples of colloidal electro- 
lytes.*7. 98,59, 49,41 Britton points out 
that NaeSiO; is not a true salt; conse- 
quently, it is quite probable that at 
250 C. even the true silicates are hydro- 
lyzed according to the equation: 


Na2SiO; + — 2NaOH 
+ SiO. : e H.0 


++ 


The product of such hydrolysis in sodium 
hydroxide solutions is a negative hydro- 
sol of SiO, stabilized by NaOH. 

The colloids of iron oxide prepared in 
sodium hydroxide solutions have been 
reported negative at pH 8.6 and above, 
but the recent investigation of Hazel and 
Ayers*! indicate that pH alone does not 
determine the iso-electric point of 
iron oxide sol. They have shown the 
positive sol to be stable at ordinary tem- 
peratures above a pH 9 while Welo and 
Baudisch give dehydration curves for 
the sol up to 250 C. It is therefore con- 
ceivable that the positive iron oxide sol 
could exist at the higher pH and tem- 
perature of the boiler. 

A negatively charged colloid and a 
positively charged colloid of approxi- 
mately equal charge, mutually precipi- 
tate each other.*!.®.* If either is in 
excess, it may stabilize the other. Dur- 


3° H. B. Weiser, “Hydrous Oxides,” p. 196, McGraw-Hill 
Book Co., Inc., New York City (1926). 

38 W. Stericker, “The Relation of Structure to Free 
Alkali in Sodium Silicate Solutions,” Chemical and Metal- 
lurgical Engineering, Vol. 25, p. 61 (1921) 

Inaba, “Hydrosol of Silicic Acid—IJII,” 
Scientific Papers, Inst. Physical and Chemical Research 
(Tokyo), Ag 15, p. 277 (1931). 

wR, Harman, “Aqueous Solutions of Sodium Sili- 
cates,” of P. Aysical Chemistry, Vol. 32, 44 (1928). 

Vail, Silicates in Industry,” pp. 17-71 
Chemica! ( ‘atalog ( New York City (1928). 

en, TF. Britton,’ “Hydrogen Jons,” p. 357, Chapman 
and Hall, (London) (1932). 

43 [hid., p. 466. 

44C. S. Hitchen, “A Method for the Experimental 
Investigation of Hydrothermal Soluiions,” Transactions, 
Inst. Mining and ~ aang Vol. 44, ) 255 (1934-1935). 

EK. K. Rideal, “Surface C ‘he “mistry,”” 
U rg (1930). 
46 Jbid., p. 2 


p. 194, Cambridge 
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ing the corrosion of steel the concentra- 
tion of the iron oxide sol is never very 
great, consequently it can never have a 
stabilizing influence. On the other 
hand, a concentration of the silica in ex- 
cess of that required to produce mutual 
co-precipitation may have a peptizing 
influence upon the ferric oxide-silica pre- 
cipitate. This may account for the 
optimum concentration of silica to cause 
embrittlement cracking. It must be 


260 


gen evolution is given in Fig. 2. The 
experimental conditions were the same 
as for the data in Fig. 1 except that the 
sodium hydroxide concentration re- 
mained uniform at 25 g. per 100 g. of 
water. 

The irregularities in the curve of Fig. 2 
may be readily explained on the basis of 
the colloidal hypothesis. Small addi- 
tions of silica increase the corrosion rate 
because the silicate ion is also an effec- 
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remembered that the argument is equally 
valid if the process is not one of neutrali- 
zation but of pure adsorption, for the 
two processes are frequently indistin- 
guishable. 

The previously mentioned experiments 
by Schroeder” upon the corrosion of iron 
powder in sodium hydroxide solutions 
were extended to include the influence 
of silica. His curve relating the con- 
centration of silica to the rate of hydro- 


0.6 1.0 12 1.4 16 


Na 2Si03z Added per |00 g. H20, g. 


Fic. 2.--Effect of Na,SiO; upon the Corrosion Rate of Iron Powder in Solution Containing 25 ¢ 
NaOH per 100 g. H.O. Each test run for 16 hr. at 250 C. Data by W. C. Schroeder. 


tive peptizing agent, this may account 
for the rise in hydrogen evolution of 
Fig. 2. However, the solubility of 
silica is very low and decreases with a 
rise in temperature“ so that in concen- 
trations above saturation, the silica 
mixes with caustic soda but exists pri- 
marily as a colloid.*7: 4%, 39, 40, 41, 42, 48 

As the concentration of silica slowly 
increases beyond its saturation value, 
mutual coagulation starts between the 
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iron oxide sol and the silica sol; precipi- 
tation does not occur until a critical 
concentration is reached, so that while 
the number of “‘free”’ iron oxide particles 


decreases, the corrosion rate remains’ 


unchanged until the flocculating con- 
centration of silica sol is reached, at 
which point the entire mass, the silica 
and the iron oxide, flocculates as an amor- 
phous precipitate. (The term “free” 
has been coined to distinguish the 
peptized iron oxide particle from similar 
particles that have been adsorbed on the 
silica but which still remain in colloidal 
suspension.) Increasing the silica con- 
centration beyond the flocculating point 
has very little effect upon the over-all 
corrosion; the grain boundaries corrode 
and crack, while the grains remain pro- 
tected. However, a large excess of 
silica may be adsorbed at the grain 
boundaries by the precipitate on con- 
tiguous grains so that a protective effect 
may be produced and the cracking may 
be diminished. When this condition of 
the surface is attained, the counter dif- 
fusion processes of hydrogen and water 
through the iron-silica precipitate are the 
controlling factors in the corrosion. The 
colloidal explanation of the corrosion and 
cracking is supported by the fact that 
the region of decreasing hydrogen evolu- 
tion in Fig. 2—the region of flocculation 

is the same region that had been pre- 
viously identified as one of maximum 
embrittlement. It confirms our belief 
that cracking occurs whenever the cor- 
rosion is selective and the mass of the 
metal is protected. 

Schroeder’ reported that in the region 
of increasing hydrogen evolution the 
iron oxide crystals on the powder in- 
creased in size with increasing silica 
concentrations. This is easily under- 
stood because only the “free” iron oxide 
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particles can serve as crystallization 
nuclei and as their number decreases the 
crystals naturally grow larger. It must 
be remembered that crystallization from 
colloidal solution is not an unusual phe- 
nomena and that a colloid such as silica 
may change the crystallographic form 
as well as the particle size, and conse- 
quently petrographic and chemical anal- 
ysis may be very misleading as to the 
structural compositions of the pre- 
cipitate.® 

It is admitted that the colloidal ex- 
planation has limitations and that not 
all the questions can be answered with 
the available data. There appear to be 
no records of specific tests involving the 
relative corrosion of iron and its grain 
boundaries; hence, the conclusions have 
been based almost entirely on the experi- 
ments of investigators who, with few 
exceptions, have no interest either in 
corrosion or in “caustic embrittlement.” 
The interpretation of these data and 
their application to embrittlement is 
entirely personal. But despite the short- 
comings of the suggested mechanism, it 
is concluded that the action of silica is 
colloidal and that the solution of the 
embrittlement problem may lie in the 
colloidal field; probably among the 
organo-hydrophilic colloids. 
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Tuomas J. FINNEGAN! (presented 
in wrillen form).—The paper by Mr. 
‘Tajc supports the conclusions of Schroe- 
der and his coworkers that the effect 
of high concentrations of sodium hy- 
droxide is to destroy the protective 
oxide film on the metal. He has gone a 
step further in postulating a mechanism 
for the removal of the film, namely, 
peptization by the sodium hydroxide. 
It will be highly interesting to follow the 
subject from now on, as Mr. Taje’stheory 
will certainly receive experimental study. 

There seems to be, however, one or 
two matters which as yet are not quite 
convincing. For instance, if we con- 
sider that sodium hydroxide does not 
enter into the fundamental corrosion 
reaction but plays a secondary part in 
removing the film, we must still explain 
the evolution of hydrogen in its presence. 

In an aqueous reaction the funda- 
mental step is the effect of the solution 
pressure of iron: 

Fe + 2H* — Fet+ + 

_ The activity of water as described in 
the paper must embrace the activity of 
hydrogen and hydroxide ions. The 
presence of NaOH will lower the hydro- 
gen-ion activity to some very low value. 
Would not this be expected to lower the 
rate of hydrogen evolution? According 
to Fig. 1 of the paper, however, the hy- 
drogen evolution is high at concentra- 
tions of NaOH of such magnitudes that 
the hydrogen-ion concentrations have 
been reduced to practically insignificant 
values. Furthermore, increasing the 
NaOH until the solution is syrupy in- 
creases the hydrogen evolution. If this 


! Chemist in Charge, New York Steam Corp., New York 
City. 


DISCUSSION 


condition can be explained solely on the 
basis of the fundamental reaction of iron 
and water, it should be done. Offhand 
it would appear that the peptizing effect 
would reach a maximum long before such 
high NaOH concentrations were reached, 
aside from the fact that there is a strong 
influence against hydrogen evolution un- 
less the simple ionic equation is modified 
by the introduction of sodium hydroxide 
as a reactant. 

There is another question that may 
be raised. The theory is that iron 
reacts with water to form a protective 
oxide film. ‘This film covers the ferrite 
grains but perhaps is less adherent at 
the grain boundaries. NaOH peptizes 
this film to leave the metal free to cor- 
rode, but attack is concentrated at the 
grain boundary because stress concen- 
tration there makes them anodic to the 
ferrite. Is it necessary to assume reac- 
tions of iron compounds there according 
to Eq. 18? This is a point which to 
me, at least, is not clear and I should 
like to request a little more elaboration 
on the importance of compounds in the 
grain boundary attack. 

Mr. Ricuarp C. Corey? (presented in 
written form).—Mr. Taje’s explanation 
of the role of silica in promoting corro- 
sion cracking by peptizing the iron 
oxides and subsequent protection of fer- 
rite grains preferentially, thus allowing 
the stressed grain boundaries to fail 
without benefit of film protection, raises 
a question in my mind. Can we assume 
any film of this nature to be discontinu- 
ous or heterogeneous? Does it not seem 
highly improbable that the grain bound- 
aries, of infinitely small area compared 
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to the ferrite grains, should be unpro- 
tected by a precipitated oxide film? As- 
sume for the moment that the oxide film 
was initially produced on the ferrite 
only. The action of caustic and silica 
produces a precipitate which by nature 
should distribute itself over the entire 
surface of the metal. Mr. Tajc’s sug- 
gested mechanism may indeed present 
the true picture of the mechanism of 
corrosion cracking but the probability of 
certain factors remains open to question. 

Mr. J. A. Tajc* (author's closure). 
Before answering the several questions, 
it seems necessary to explain the term 
“spontaneity” which has engendered con- 
siderable informal discussion. In chemi- 
cal terminology, spontaneity is the ten- 
dency of substances to pass from one 
physical or chemical form to another; it 
is measured in terms of the free energy 
change or the entropy change of the sys- 
tem, and is not a measure of the reaction 
rate or velocity. The activity undoubt- 
edly influences the reaction rate but it 
is far from being the determining factor. 

Whether a very low hydrogen ion 
activity will influence the spontaneity 
of hydrogen evolution can be determined 
by formulating equations analogous to 
Eqs. 4 to 9, while using therein Fe(OH). 
instead of Fe,;O,, and substituting H* 
for OH” in Eq. 4. The ultimate con- 
clusion is “that the only way to decrease 
the spontaneity of the corroding reac- 
tions in water solutions is to exclude the 
water from contact with the iron.” 
However, the rate of hydrogen evolution 
is in the domain of kinetics; so that, 
while the spontaneity of a reaction can 
be predicted from related thermody- 
namic data, the velocity of the same 
reaction cannot be even estimated. In 
general, experimental evidence similar 
to that of Fig. 1 is used to determine 
the reaction rate. The hydrogen ion 
activity does not appear in Eq. 9; 
consequently, there is no reason to be- 


_ *Metallurgist, Power Stations Dept., Duquesne Light 
Co., Pittsburgh, Pa 


lieve that it should influence the rate 
of hydrogen evolution, except as it may 
alter the surface condition. This spe- 
cific non-chemical accelerating action 
was assumed to be peptization. The 
validity of this has not been determined, 
and it is probable that some modification 
will be necessary as our knowledge of 
surface phenomena expands." ® 

Since intercrystalline cracking is an 
essential feature of caustic embrittle- 
ment, the material of the grain boundary 
holds an important position in any 
explanation of the phenomena. Maier® 
has shown that the boundaries of a high 
purity metal have a greater density, 
higher energy content and pre- 
sumably the result of lattice deforma- 
tion. The higher energy of the grain 
boundary would account for its greater 
susceptibility to etching and corrosion; 
so, the cracking may be explained with- 
out using metallic compounds as the 
corroding material in Eq. 18. 

The belief that the protective film 
can be discontinuous at the grain 
boundary is supported by the large mass 
of evidence®:7:** that all chemical reac- 
tions are atomically heterogeneous and 
obey statistical laws. The orientation 
of oil molecules on water, of gases on 
silica and charcoal; and anisotropy of 
all types are typical examples of heter- 
ogeneity. It is quite conceivable that a 
film could be discontinuous at boundaries 
more than one thousand atomic diame- 
ters wide. A more thorough discussion 
of the subject may be found in the texts 
previously mentioned. 


4R.F. Mehl, “Oxide Films on Iron,” Metals Technology, 
Technical Publication No. 780, Vol. 4, No. 2 (1937). 

5(; M. Schwab, H. S. Taylor and R. Spence, “Cataly- 
sis,” pp. 7-19, 90-167, Chapters XI, XIII, XV, D. Van 
Nostrand Co., New York City (1937). 

6 Charles G. Maier, “Theory of Crystal Aggregates,” 
Metals Technology, Technical Publication No. 701, Vol. 3, 
No. 3 (1936). 

7Jerome Alexander, “Colloid Chemistry,” D. Van 
Nostrand Co., New York City (1937). 

6 James William McBain, ‘The Sorption of Gases and 
Vapours by Solids,” George Routledge and Sons, Ltd., 
London (1932). 

9C. P. Smyth, “Dielectric Constant and Molecular 
Structure,” Reinhold Publishing Corp., New York City 
(1931). 
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SOME APPLICATIONS OF THE POLARIZING MICROSCOPE TO 
WATER-CONDITIONING PROBLEMS 


By Everett P. PArtTRIDGE! 


SYNOPSIS 


Chemical analysis of the highest precision is not adequate in some cases to 
indicate the actual substances deposited from water. As an adjunct to 
chemical analysis, the polarizing microscope may be used to identify the actual 
crystalline constituents of deposits by measurement of the refractive indices 
and other optical properties. At the same time the polarizing microscope 
is a useful tool for the identification of substances by chemical tests on small 
amounts of material, as well as for the general examination of all sorts of 
samples. 

This paper presents a general discussion of the uses of the polarizing micro- 
scope in a laboratory devoted to water-conditioning problems, discussing in 
a general manner the technique employed in the examination of scale deposits 
and corroded metal surfaces, the application of chemical microscopy for the 
identification of substances, and the identification of crystalline materials 
by the measurement of optical properties. ‘The purpose is not to present 
detailed directions for the use of the polarizing microscope, but to indicate the 
various ways in which it may be employed as a tool by a person not specifically 


trained in crystallography. 


Much of the ancient art of water treat- field. Only recently, however, has the 
ment is suggestive of alchemy and crystal _ polarizing microscope achieved its proper 
gazing. In the developing science of _ place in the study of water conditioning. 
water conditioning, however, alchemy 
has given way to physical chemistry and 
crystal gazing to the use of the polarizing 
microscope. Hall and Merwin? were the 


To indicate briefly some of its uses is 
the purpose of this paper. 

In the conditioning of water for indus- 
trial use, the chemist or the chemical 


first to use this instrument broadly in the 
study of deposits from boiler waters. 
Later, Sulfrian*, and Powell® 
applied it to special problems in this same 


1 Director of Research, Hall Laboratories, Inc., Pitts- 
burgh, Pa. 

2R. E. Hall and H. E. Merwin, “The Solid Phases 
Developed in Boiler Waters,” Transactiens, Am. Inst. 
Chemical Engrs., Vol. 16, Part II, p. 91 (1924). 

3 A. Sulfrian, “The Estimation of Steam Boiler Damage 
and Operation Period by Means of Optical Testing of the 
Deposits,” Wasser, Vol. 5, p. 162 (1931). 

4 A. Hantel, “Microscopic Examination of Boiler Scale,” 
Die Warme, Vol. 54, p. 409 (1931) 

5S. T. Powell, “A Critical Study of Boiler Scales and 
Advanced Methods of Analysis and Identification,” Com- 


bustion, Vol. 5, No. 3, p. 15 (1933). _ of a water supply, or to determine the 
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engineer must repeatedly determine what 
is present in solution in water, what has 
been deposited from water, and how 
water has acted upon confining surfaces. 
The waters which he must examine are 
of infinite variety, as are the effects they 


produce in steam generators, pipe lines, 
heat exchangers, and process equipment | 
in general. 

In his efforts to predict the behavior 
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PARTRIDGE ON APPLICATIONS 


character of a solid deposit, or to inter- 
pret a case of corrosion, in examining 
numberless proprietary compounds or 
in identifying unexpected products of his. 
own research, the water-conditioning 
expert commonly relies upon chemical 
analysis to guide his judgment. In 
many cases, however, the polarizing mi- 
croscope may be used to advantage 
either to supplement or to supplant the 
work of the analytical chemist. 

At its best, chemical analysis will 
yield precise values for the percentage of 
calcium oxide and carbon dioxide in a 
sample of feed-line scale, indicating un- 
equivocally that the deposit is essentially 
calcium carbonate. But is it calcite or 
aragonite? Chemical analysis cannot 
give the answer, which may in some cases 
be worth knowing. And chemical analy- 
sis, even of the highest accuracy, may be 
of practically no use in the case of some 
complex boiler deposits. Against the 
ultimate precision of the analytical mode 
of attack must be set its chief disadvan- 
tages: it is time consuming; and it fre- 
quently does not indicate the actual sub- 
stances present. 

Where it can be applied at all, the 
polarizing microscope will usually yield 
not only definite evidence concerning the 
presence of some particular substance, 
but also a fair estimate of its amount 
relative to other constituents. In many 
cases, the time required to procure semi- 
quantitative data on a familiar type of 
material will be considerably less than 
for equivalent knowledge obtained by 
chemical analysis. 


FIELDS OF APPLICATION FOR THE 
MICROSCOPE 


A single good microscope of the polar- 
izing type supplied with the necessary 
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accessories makes possible many dif- 
ferent types of work, including the fol- 
lowing: 

1. General examination of objects at 
magnifications from a few diameters 
upward. 

2. Chemical microscopy—the identi- 
fication of specific ions by the formation 
of crystals of characteristic appearance 
when reagents are added to a minute 
amount of an unknown material on a 
microscope slide. 

3. Identification of crystalline sub- 
stances by measurement of their indices 
of refraction and other optical properties. 

4. The study of the behavior of ma- 
terial in the colloidal state of dispersion 
by means of dark-field illumination. 

5. Measurement of particle size. 

6. Determination of melting points 
and temperature-composition diagrams. 

7. Metallographic observations. 

8. Microprojection for demonstration 
and lecture purposes. 

9. The recording of information in 
the form of photomicrographs. 

In the present paper, discussion is 
confined to the first three of these ways in 
which the microscope may be used. 


GENERAL EXAMINATION OF OBJECTS 


A relatively slight magnification of 
an object will, in many cases, reveal 
structural details of considerable diag- 
nostic significance. Obviously, — the 
sample must be as nearly as possible in 
its original condition. While the chem- 
ist inevitably tends to grind up a sample 
so that he may determine its average 
composition, the most significant feature 
of a boiler deposit may be its variation 
in composition, which can only be deter- 
mined by the microscopist if he has hand 
samples which have been disturbed as 
little as possible. 

The chief requirement for general 
examination of opaque samples by re- 
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flected light is an objective with a good 
depth of focus so that as much as possible 
of the heights and valleys of an irregular 
surface may be seen at once. A 3.2X 
objective may be used to advantage with 
5X and 10X eyepieces for such work. 
For surfaces which are relatively smooth, 
an objective as high as 10X may be 
used with these same eyepieces to give 
higher magnifications. 

General examination at magnifica- 
tions from 16 to 100 is frequently of 
great assistance in the study of boiler 
or feed-line deposits or of corroded 
specimens of metal. What to the eye 
alone appears simply as a series of in- 
distinct bands on a cross-section of a 
piece of boiler scale may be seen under 
the microscope as layers of definitely 
different structure, and hence possibly 
of different composition. For example, 
layers of anhydrite scale can usually be 
recognized because of their typically 
coarser crystallization when they are 
sandwiched in between silicate layers in 
a complex scale. 

The cross-section of a scale may some- 
times be prepared to advantage by a 
treatment similar to that given speci- 
mens for metallographic examination. 
A smooth surface is produced by rubbing 
on sheets of progressively finer emery 
paper. ‘This surface is then etched by 
immersion for a short time in a solution 
which will dissolve certain constituents of 
the scale more rapidly than others. For 
example, dilute hydrochloric acid will 
remove within 30 sec. any calcium car- 
bonate or calcium phosphate in the 
polished surface layer, without affecting 
appreciably such constituents as calcium 
sulfate or most of the silicates. After 
the specimen has been rinsed in distilled 
water, dried in a jet of compressed air, 
and mounted edge up on a slide by means 
of plasticine, these more resistant con- 
stituents will appear in relief when the 
scale is examined with inclined illumina- 
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tion at a magnification of 100. For 
boiler scales, such a procedure yields 
as much information as the preparation 
of thin sections, and is much more 
simple and rapid. At most, however, 
it only indicates whether or not a scale 
is homogeneous and in some cases hints 
at the possible constituents. 

In the examination of metal surfaces 
at low magnifications, the purpose of the 
water chemist is quite different from that 
of the metallographer. Where the latter 
is interested in grain size or the dis- 
tribution of pearlite in a specially pre- 
pared highly-polished surface, the former 
is searching on a corrosion-roughened 
surface for the significant results of 
chemical action which will help him in 
reconstructing the process which has 
taken place. For this purpose, it is 
essential that the surface be as nearly 
as possible in the service condition. A 
well-meant cleaning-up by some work- 
men may render a specimen worthless. 

Although chemical tests under the 
microscope are usually desirable to 
identify the constituents of proprietary 
compounds, preliminary general exami- 
nation frequently will save time by 
revealing the presence of the typical 
forms of the usual industrial chemicals. 
With respect to the products of research, 
in a laboratory equipped with a polariz- 
ing microscope, it is the first tool to be 
used when an unexpected precipitate is 
encountered or a new product is being 
prepared. In many cases only a few 
minutes will suffice to indicate whether 
or not a material is a single substance or 
whether it is obviously a mixture. 


IDENTIFICATION BY CHEMICAL TESTS 


It is almost instinctive to turn from 
general examination of a sample to quali- 
tative tests which may give a clue con- 
cerning its chief constituents. Many 
of the tests ordinarily used by the chem- 
ist for identification may be carried out 
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to advantage under the microscope with 
only minute amounts of material. In 
addition, a large number of special tests 


for various metals and acid radicals have 


been developed.® 

For the examination of deposits from 
water, dilute hydrochloric acid (1:1) 
is a most useful reagent. If its addition 
to a sample of scale from a feed line or 
a boiler produces an immediate fizz of 
bubbles, it is highly probable that cal- 
cium carbonate is an important con- 
stituent of the deposit, although sulfite 
or readily decomposed sulfides will pro- 
duce the same effect. In addition to 
indicating the presence of salts such as 
carbonate or sulfite, hydrochloric acid 
dissolves calcium phosphate rapidly and 
completely, and slowly attacks many 
silicates, leaving a characteristic residue 
of hydrated silica. 

Since the resistance of silicates to 
hydrochloric acid increases, in general, 
with the ratio of silica to metal oxide, 
it is usually possible to guess whether or 
not a particular constituent observed 
under the microscope while in contact 
with hydrochloric acid is high or low in 
silica. 

The presence of copper in many de- 
posits from boilers has recently excited 
a great deal of interest. The silver 
nitrate test suggested by Ward’ may 
be used to determine whether copper in- 
dicated by chemical analysis is present 
as the metal or as a compound. A con- 
venient procedure comprises stirring a 
minute portion of the powdered sample 
into a drop of distilled water on a slide, 
illuminating the drop from above at an 
angle, and observing one or more par- 
ticles which show the typical red color 
and luster of copper while a drop of 
silver nitrate solution is added to the 
slide and brought in contact with the 

*E. M. Chamot and C. W. Mason, “Handbook of 
Chemical Microscopy,” Vol. 2, John Wiley and Sons, New 
York City (1931). 


74. J. Ward, “The Detection of Free Metal Particles 
in Dust,” The Analyst, Vol. 58, p. 28, (1933). 
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drop of water. Brightly reflecting silver 
“trees” will grow on the particles if they 
are actually metallic copper. Red par- 
ticles of ferric oxide, which may some- 
times be mistaken for copper by visual 
examination, do not, of course, respond 
to this test. Fragments of metallic 
iron, which are frequently present as 
small chips cut from the tube surfaces 
by turbine cleaners, also form the tree- 
like growths, but may be easily distin- 
guished from metallic copper by their 
initial dark or silvery appearance. 

When proprietary compounds are to 
be examined, a series of selected pH 
indicators prepared as solutions in 90 
per cent alcohol may be used in much the 
same way that the biologist uses stains. 
Representative particles of the’ com- 
pound are spread upon a slide and a 
drop of indicator solution added. Be- 
cause the inorganic salts are relatively 
insoluble in the 90 per cent alcohol, the 
indicator color is developed on or close 
to the particles. By testing with in- 
dicators it is thus possible to decide 
rapidly whether the phosphate in a com- 
pound is primary, secondary, or tertiary. 

The indicator solutions are equally 
useful in checking the alkalinity of de- 
posits from boilers. Although this may 
not be generally important, in cases 
where cracking has occurred in riveted 
seams it is desirable to determine 
whether or not traces of deposit from 
the inner surfaces of the seam or from 
the rivet holes are highly alkaline. 

In passing, it might be remarked that 
the ancient problem of predicting what 
solid substances will be formed from a 
specified water when it is treated or 
evaporated in a prescribed manner may 
be solved by carrying out the desired 
process on a sample of the water, and 
then applying chemical microscopic 
methods to identify whatever solid 
phases have developed. 
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IDENTIFICATION BY OPTICAL PROPERTIES 


Aside from metallic materials of con- 
struction, most of the samples which 
interest the water chemist or engineer 
comprise substances which are funda- 
mentally non-opaque when broken down 
into fine graments and observed under 
the microscope. If examined with an 
ordinary microscope, such particles gen- 
erally yield few, it any, clues to their 
identity. By using polarized light, how- 
ever, it is possible to measure one or 
more of a dozen optical properties for 
each of the constituent crystalline sub- 
stances. Since no two substances have 
ever been found to display exactly the 
same combination of optical properties, 
identification of any substance by micro- 
scopic methods is at least theoretically 
possible. 

Practically, the polarizing microscope 
has some definite limitations. Unless 
the individual particles have a major 
dimension of at least 10 yu, or, if smaller, 
have a characteristic crystal habit or 
cleavage, little can be done beyond 
determining the refractive indices. It 
is therefore difficult to identify without 
supporting chemical evidence the con- 
stituents of material in an extremely fine 
state of subdivision or in the form of 
microcrystalline aggregates from which 
individual particles larger than 10 wu can- 
not be isolated. Solid solutions present 
another difficulty, since the optical prop- 
erties vary continuously from one end 
member to the other. Prior knowledge 
of the existence of such solid solutions 
is necessary for proper identification. 

An important fundamental limitation 
in many cases, aside from those of solid 
solutions, is the lack of reference data 
for the substances to be identified. 
This necessitates the initial preparation 
of pure samples of the various substances 
whose occurrence is anticipated, and the 
careful correlation of their optical prop- 
erties with their chemical composition 
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before the polarizing microscope may 
be used as a tool for purposes of iden- 
tification. 

Although the further point might be 
raised that the microscope requires a 
special technique, this scarcely consti- 
tutes a limitation. Any person with 
normal vision and intelligence, patience, 
and a care for details, can develop in a 
few months the skill in manipulation and 
the judgment in interpretation which will 
allow him to use the polarizing micro- 
scope as a tool. While a knowledge of 
crystallography is, of course, a definite 
advantage, it is by no means a pre- 
requisite for practical work; as a matter 
of fact, the person who makes use of 
the polarizing microscope will gradually 
teach himself a creditable amount about 
crystallography. 

Since detailed discussions of the polar- 
izing microscope and of the technique 
of its use are available*® only a brief 
outline is justified here to show the pro- 
cedure in the study of a solid sample. 
To begin with, after general examination 
of a piece of the sample at low mag- 
nification, a fragment about 35 in. in 
“ach dimension is broken off from any 
chosen definite layer or zone, and is 
crushed to a powder on a slide with as 
little grinding as possible. About one- 
tenth of the resuliing fine powder is 
transferred to a second slide, a drop of 
a standard liquid with a known re- 
fractive index is allowed to fall on it, 
and a cover glass is placed on the mix- 
ture. The material is then examined 
under the microscope, using both polar- 
ized light and ordinary illumination. 
In working with the small particles which 
constitute most deposits from water, the 
author has come to use a 45 objective 
with a 10 eyepiece as a standard 

5N.H. Hartshorne and A. Stuart, “Crystals and the 
Polarizing Microscope,” Edward Arnold and Co., London 
(1934). 

9E. M. Chamot and C. W. Mason, “Handbook of 
Chemical Microscopy,” Vol. 1, John Wiley and Sons, New 
York City (1931). 
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arrangement. According to Saylor’ the 
use of an objective of lower power, such 
as the 20, leads to more accurate 
measurement of the refractive indices. 
In the work under consideration, how- 
ever, the increased visibility of small 
particles afforded by the 45X objective 
more than offsets any small loss in 
precision. Even with the 45x ob- 
_ jective, routine measurements of index 
_ should be accurate to +0.003, which is 
quite adequate for purposes of iden- 
tification. 

I’xamination of the first slide prepared 
from a sample should yield two impor- 
tant bits of information. In the first 
place, certain distinguishing character- 
istics of the particles may suggest their 
identity. For example, the natural 
cleavage of anhydrite (CaSO,;) when it 
is crushed tends to produce fragments 
with square corners and parallel ex- 
tinction, while minute particles of cal- 
cite (CaCO;) show up in polarized light 
like brilliantly colored stars, due to the 
unusually high birefringence of this sub- 
stance. In the second place, the initial 
examination should indicate whether 
the sample contains essentially one, two 
or more major crystalline constituents. 
Judgment in this matter is based upon 
typical differences in appearance, rela- 
tive differences in refractive index be- 
tween the particles and the liquid in 
which they are immersed, and the bire- 
fringence, extinction position and sign of 
elongation of the particles. Where the 
individual particles are sufficiently large, 
further distinction may be made on the 
basis of interference figures. 

After the number of constituents has 
been estimated and possibly the identity 
of one or more has been guessed from 
observation of the first slide, one of the 
constituents is chosen for further study 


1 C. P. Saylor, “Accuracy of Microscopical Methods 
for Determining Refractive Index by Immersion.” Na- 
tional Bureau of Standards Journal of Research, Vol. 15, 
p. 277 (1935). 


and designated as A. By comparison 
of the refractive indices of this con- 
stituent with immersion liquids of known 
index on successive slides, the minimum 
and the maximum indices may _ be 
determined. 

At the same time, the indices of the 
other constituents, B, etc., may be 
estimated roughly, and when favorably 
oriented particles of sufficient size are 
found, interference figures may be 
studied to determine whether a con- 
stituent is uniaxial or biaxial and posi- 
tive or negative. 

In measuring refractive indices, the 
standard Becke bright-line method em- 
ploying central illumination is the most 
convenient to use and is sufficiently 
precise for all ordinary purposes. 
Saylor’ has developed a double-dia- 
phragm inclined-illumination method, 
which is said to improve the precision 
in determining the match between the 
index of the substance under observation 
and the liquid in which it is immersed. 

In the case of isotropic substances, 
such as sodium chloride or analcite, the 
index of refraction is the same in all 
possible directions through each crystal, 
so that a measurement may be made 
upon any particle regardless of its orien- 
tation. In the case of uniaxial or 
biaxial substances, however, the re- 
fractive index differs with the orientation 
of the particle. To determine the prin- 
cipal indices, two for uniaxial, and three 
for biaxial crystals, the procedure rec- 
ommended by Slawson and Peck"!—is 
preferable when the particles are large 
enough to allow the observation of inter- 
ference figures. In most samples of 
deposits from industrial waters, however, 
the particles are so small that it is only 
possible to apply the statistical method 
of finding the highest and lowest indices 


1 (C. B. Slawson and A. B. Peck, “The Determination 
of the Refractive Indices of Minerals by the Immersion 
Method,” American Mineralogist, Vol. 21, p. 523 (1936). 
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exhibited by particles of a given con- 
stituent. In general, it is possible to 
approximate these quite closely by ob- 
servations on those particles showing the 
highest interference colors and hence the 
greatest difference in index when orien- 
ted in their respective extinction posi- 
tions in polarized light. 

Various other properties may be de- 
termined depending upon the character 
of the material under investigation and 
the training of the observer. The re- 
fractive indices, however, are always the 
most important and frequently the only 
properties measurable in the identifica- 
tion of a substance. 

After the optical properties of con- 
stituent A have been determined in so far 
as the character of the sample permits 
the procedure is repeated until the 
properties of the other constituents have 
been measured. Depending upon the 
complexity of the sample and the pre- 
cision of the information desired, from 
ten minutes to a day of study may be 
required to work out the composition of 
the small fragment originally removed. 
If the deposit consists of layers or zones 
of apparently different composition, the 
process must then be repeated for each 
layer or zone. The final step in iden- 
tification is the comparison of the ob- 
served data with reference information 
already available in published form or 
measurements made on special samples 
of known composition. 

By estimating the relative number and 
size of particles of the various constit- 
uents in several different fields under the 
microscope, a semi-quantitative analysis 
may be made for the chief constituents. 
Thus, it is easy to determine whether one 
deposit is 50, 75, or nearly 100 per cent 
anhydrite, or whether another contains 
more calcite than calcium silicate. 

A word should be said concerning 
contamination of samples. To the un- 
initiated, little spheres of fly ash or 


PARTRIDGE ON APPLICATIONS OF POLARIZING MICROSCOPE _ 


flakes of aluminum paint or fibers from 
cloth or paper may be the source of much 
bewilderment. The microscopist must 
develop a mild but unremitting skep- 
ticism concerning anything unusual he 
observes, not granting it a place as a 
true constituent of the sample until the 
evidence is fairly definite, but not, on 
the other hand, forgetting its presence. 


SUGGESTED EQUIPMENT 

To carry out the types of investi- 
gation with the polarizing microscope 
mentioned in this paper, an investment 
of several hundred dollars will be neces- 
sary. Individual preferences and bud- 
gets will cause the list of equipment to 
vary considerably. The following list 
merely represents one working com- 
bination: 

Microscope.—A wide-field instrument 
with a well-built rotating stage, with an 
adjustable substage unit carrying the 
polarizer, condensing system, and iris 
diaphragm, and with the analyzer and 
Bertrand lens mounted on slides in the 
tube is preferable to the so-called “‘chem- 
ical microscopes,” although competent 
work may be done with the latter. Pro- 
vision for easy and accurate centering 
of the optical system with respect to the 
stage is important. A mechanical stage 
for convenient manipulation of the slide 
will more than pay for itself in time 
saved. 

Optical System and Accessories.—Three 
objectives, 10 and 45X, com- 
bined with two eyepieces, 5X and 10X, 
with cross-hairs, will give a convenient 
combination of magnifications ranging 
from 16 to 450 diameters. For projec- 
tion or photomicrographic work, a 
special eyepiece corrected to give a flat 
field is desirable. Any one of several 
types of micrometer eyepiece when 
properly calibrated, will make possible 
quantitative measurements of scale 
thickness or particle size. oo 
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A gypsum plate is a generally useful 
accessory. For the type of work de- 
scribed in this paper, the standard mica 
plate and quartz wedge are less im- 
portant. 

Illumination.—A microscope lamp 
equipped with a concentrated-filament 
bulb and a support for glass filters will 
be suitable for all purposes except micro- 
projection or photography at very high 
magnifications. For these latter types 
of work an arc-lamp is required. 

Refractive Index Standards.—A set of 
refractive index liquids covering the 
range from 1.36 to 1.76 is desirable, 
although for special purposes it may be 
necessary to have available only a limited 
number of standard liquids correspond- 
ing to the principal indices of certain 
substances. The author employs a set 
arranged in steps of 0.010 from 1.360 to 
1.470, and from 1.660 to 1.760, and in 
steps of 0.005 in the intermediate range 
from 1.470 to 1.660. Such a set may be 
purchased ready for use from various 
supply houses or individuals, or may be 
prepared by the user provided he has 
access to a refractometer. 

Reagents for Chemical Microscopy.— 
Standard sets of the reagents suggested 
by Chamot and Mason’ may be ob- 
tained from supply houses. In many 
cases, however, a limited number of 
reagents in ordinary dropper bottles will 
suffice. 

Slides and Cover Glasses.—For use with 
a mechanical stage, slides 1 by 2 in. are 
much to be preferred to longer slides. 
Cover glasses 3 in. square of No. 2 
thickness are convenient to use. 

Implements.—For handling small par- 
ticles or minute quantities of powdered 
sample, the dissecting tweezers, probe, 
and section lifter commonly used by 
zoology students are ideal. In carrying 
out chemical tests, small glass rods may 
be shaped as desired for the addition of 


reagents to a slide. Chamot and Ma- 
son’ describe various convenient devices 
for special operations in chemical mi- 
croscopy. 

Reference Data.—The most conven- 
ient and least expensive source of data 
for the natural minerals is Bulletin 848 
of the United States Geological Survey.'” 
This should be supplemented by the com- 
prehensive collection of data for artifi- 
cial minerals made by Winchell." New 
information appearing from time to time 
may be found readily by reference to 
Chemical Abstracts under the headings of 
refractive index, optical properties, mi- 
croscopy and petrography. 


PROBLEMS SOLVED AND UNSOLVED 


No statement in this paper should be 
construed to indicate that the polarizing 
microscope will yield an answer to every 
problem. In many cases, however, it 
will supply essential information obtain- 
able in no other way. Much work must 
still be done before it will be possible to 
present a reasonably complete scheme 
for the examination of deposits from 
water. Some progress has been made, 
however, in the past year. In addition 
to the easily identified three forms of 
calcium sulfate, two forms of calcium 
carbonate, and single forms each of cal- 
clum hydroxide and magnesium hydrox- 
ide previously tabulated," of which an- 
hydrite (CaSO ,) and calcite (CaCOs) are 
frequently observed, definite identifica- 
tion has been made of the following: 
quartz (SiO»), halite (NaCl), and thenar- 
dite (NagSO,) in turbine-blade deposits; 
quartz and analcite (Na2O- Al,O3-4Si02- 


2 E. S. Larsen and H. Berman, “The Microscopic 
Determination of the Nonopaque Minerals, ” Bulletin 848, 
U.S. Geological Survey (1934) 

1A. N. Winchell, ““The Microscopic Characters of 
Artificial Inorganic Substances or Artificial Minera!s,” 
Seond Edition, John Wiley ana Sons, New York City 
(1931) 

“FE. P. Partridge, “Formation and Properties of Boiler 
Scale,” Bulletin No. 15, University of Michigan, Engineer- 
ing Research, p. 41 (1930). 
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2H.0) in scales from water-wall tubes in 
boilers; radiophyllite (CaO-SiO2-H,O) in 
a boiler deposit; metallic copper in 
sludges and scales from a large number 
of boilers; elemental sulfur in a scale 
from the heater of a sulfite pulp digester; 
and calcium sulfite in a deposit from a 
chemical feed pump. Tricalcium phos- 
phate has been found consistently as par- 
ticles so small as to be barely resolved. 


- 
¢ 


PARTRIDGE ON APPLICATIONS OF POLARIZING MICROSCOPE 


In a few cases constituents believed to 
be dahlite, 2Ca3;(PO;)2-CaCOs;, or Caz 
(PO,)2:Ca(OH)2 have been observed. 

Perhaps the greatest problem still un- 
solved in relation to deposits from water 
is the question of the constitution and 
mode of formation of silicate scales. 
Here the polarizing microscope may play 
an important part in conjunction with 
other methods of investigation. 
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DETERMINATION OF HARDNESS IN WATER BY DIRECT TITRATION 


By R. T. SHEEN! anp C. A. Nott! 


SYNOPSIS 


Hardness in water may be determined by a direct titration with the potas. 


sium salt of certain fatty acids. 


Potassium stearate and potassium palmitate 


are found to be of value, the palmitate allowing the more accurate determina- 


tion in the presence of interfering ions. 


Comparisons are given with the 


standard soap method on a number of samples, the results showing the palmi- 


tate method to be subject to less error. 
tate method is suggested. 


Hardness in water is now determined 
in most laboratories by a measurement 
of the amount of soap solution required 
to give a permanent lather. This 
method gives a rough approximation of 
the amount of calcium and magnesium 
present, and might be referred to as a 
measurement of the “foaming capacity” 
5)” of the water. Reference has been 
made to the fact that differences between 
hardness as found by soap and as calcu- 
lated from complete analysis occur 
because calcium and magnesium salts do 
not react with soap in equivalent propor- 
tions (6). 

Hydrolysis methods employing the 
potassium salts of some fatty acids were 
first suggested by Blacher (», using 
potassium stearate, and later potassium 
palmitate (2). In his method, hardness 
is determined by titration using methyl 
orange as an indicator following exact 
neutralization and boiling to liberate 
carbon dioxide. Froboese (3) stated that 
a separate determination of magnesium 


_! Technical Director, and Chief Chemist, respectively, 
W.H. & L. D. Betz, Philadelphia, Pa. 
* The boldface numbers in parentheses refer to the re- 
ports and papers given in the list of references appended to 
this paper, see p. 613. 


The more extensive use of the palmi- 


could be made in the presence of calcium 
by precipitation of the calcium as cal- 
cium oxalate and titration of the mag- 
nesium by potassium palmitate in the 
presence of the calcium oxalate precipi- 
tate. Duroudier () separates the cal- 
cium oxalate by filtration before titra- 
tion of the magnesium and further claims 
a sensitivity of 1.4 mg. CaO or 1 mg. 
MgO per liter, using potassium pal- 
mitate. 

Duroudie: prepared his standard po- 
tassium palmitate with propyl alcohol, 
which he found better for this purpose 
than ethyl alcohol. Hamer (7) claims 
an accuracy in determination of total 
hardness by potassium palmitate of 
5 p.p.m. and discusses the possible use 
of this titration in the determination of 
sulfate. Bond (8) discusses a comparison 
of the palmitate method and results with 
the results obtained by the Hehner 
method, soap solution and calculation 
from gravimetric analysis. He con- 
cludes on the basis of comparison of 
results on five different types of water 
that the potassium palmitate method 
gives results for calcium and magnesium 
more accurate than can be obtained by 
either of the other methods. 


: 
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The main purpose of this paper is to 
check the possible application of the 
palmitate method to routine analysis for 
hardness, and to present the accumu- 
Jated evidence in favor of a more general 
adoption of this method. In this study, 
a check was made on the possible advan- 
tage of using potassium stearate, oleate 
or laurate. No endpoint was obtained 
with potassium laurate. Potassium ole- 
ate gave an endpoint value in low titra- 
tions, but was not applicable over any 
appreciable range. Data were obtained 
in detail on both potassium palmitate 
and potassium stearate, although results 
clearly indicate the superiority of the 
palmitate. 


Ww’ 


PREPARATION OF REAGENTS 
Special Solutions: 


Potassium palmitate, 1 ml. = 


1 mg. 
CaCO; (0.02 NV): To make 5 |. standard 
potassium palmitate solution, mix 4500 
ml. ethyl alcohol (80 per cent) (formula 
No. 30 or No. 3-A may be used) with 


500 ml. ¢.p. glycerine. To 500 ml. of 
this mixture, add 25.6 g. of palmitic acid 
and 1 ml. of a 1 per cent solution of 
phenolphthalein. Heat on a water bath 
until solution is complete. Dissolve 
6g. of c.p. potassium hydroxide in 100 
ml. of the remaining alcohol glycerine 
mixture and add this solution dropwise 
from a burette to the palmitic acid so- 
-jution until a permanent pink color is 
obtained. Dilute the resulting solution 
of potassium palmitate to 5 |. with the 
remaining alcohol and glycerine mix, 
_ using 80 per cent alcohol for final volume 
correction. The added alcohol-glycerin 
- should restore the solution to colorless. 
Should the solution remain pink, add 
0.05 N hydrochloric acid dropwise until 
the pink color is just discharged. 


Potassium Stearate: Use the same 


procedure as described for preparation 
vf potassium palmitate, substituting 


28.5 g. of stearic acid for the 25.6 g. of 
palmitic acid. 


Standard Solutions: 


Hydrochloric acid, 0.05 NV. 

Sodium hydroxide, 0.05 N. 

Phenolphthalein, 1 per cent solution. 

Calcium nitrate Ca(NOs3)2, 1 ml. = 
1 mg. CaCO: Dissolve 1.641 g. calcium 
nitrate to 1 liter of solution and stand- 
ardize by the usual potassium perman- 
ganate titration method. 


STANDARDIZATION OF POTASSIUM 
PALMITATE 


Pipette 10 ml. of the calcium nitrate 
solution and dilute to 50 ml. and place 
sample in a No. 5 evaporating dish. The 
sample should be well illuminated for 
titration. Add 0.5 ml. of phenolphthal- 
ein indicator and adjust the solution just 
to the acid side of phenolphthalein. 
Titrate with potassium palmitate to a 
definite pink end point, stirring the 
sample vigorously during the titration. 
Three checking values should be ob- 
tained. ‘The blank determination should 
be made on a 50-ml. sample of distilled 
water adjusted to phenolphthalein end 
point with 0.05 NV sodium hydroxide and 
0.05 N hydrochloric acid and titrated to 
a definite pink with potassium palmitate. 
This value should be subtracted from 
the regular titration before calculation 
of results and with approximately 0.02 V 
potassium palmitate wil! be found to be 
about 0.3 ml. 

The standards used in this investiga- 
tion had the following values: 


Potassium palmitate, 1 ml. = 0.983 mg. 
CaCO; 

Calcium nitrate, 1 ml. = 0.975 mg. CaCOs 

Magnesium chloride, standardized gravi- 
metrically as Mg2P,0;, 1 ml. = 1.096 
mg. CaCO; 

Magnesium sulfate, standardized gravi- 
metrically as Mg2P207, 1 ml. = 0.673 
mg. CaCO; 
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TEST PROCEDURE 


A 50-ml. sample of water is measured 
into a No. 5 evaporating dish and 0.5 ml. 
of phenolphthalein indicator is added. 
If the sample is alkaline to phenol- 
phthalein, neutralize just to a colorless 
end point. If the sample is originally 


TABLE I.—Drirect TITRATION OF STANDARD 
SOLUTIONS OF CALCIUM AND MAGNESIUM 
WITH POTASSIUM PALMITATE AND Potas- 
SIUM STEARATE, 


Present Found Error 
E E a a 
Potassium Palmi- Catcium as CaCOs 
0 90 05) 10| 12} 01] +42 
1.40 1.0) 20] 22] 0.1 +2 
2.40 2.0 40} 2.1) 42/01 +2 
5 30 5 0 100 50 100| 00 0 
10 10 9.8 196 96) 193|0.2| 
19.90 19.6) 392 | 19.3) 386 | 0.3 | —6 
Macnesium as CaCOs 
1.404 221 0 
5 60 5.5} 5.2) —6 
10.954 11.0, 220 | 10.5 210 | 0.5 | —10 
2.95? 2.7) 54| 2.6) 52/01] —2 
12.10° 12.1) 242 | 11.6, 232 | 0.5 | —10 
0.60 05| 10| 03 -4 
1.00 1.0| 20| 0.7) 14/0.3| -6 
2.05 2.0| 40] 35}/0.2| —5 
19.90 19.6, 392 | 19.6) 392 | 0.0 0 
Macnesium as CaCOs 
1.254 1.1] 22! 1.0! 19/02] -3 
5 5.5, 4.7) 94|0.8)| —16 
21.60? 21.9) 438 | 21.3) 426 | —12 
0 60? 0.7, 14| 0.3) 6/04] —8 
4.90 5.4) 108} 46 92/08] —16 
@ Mg Ch. 
Mg SOx. 


1 ml. potassium palmitate = 0.983 mg. CaCO; = 19.7 
CaCO; (50-ml. sample). 
1 ml. potassium stearate = 1.00 mg. as CaCO; = 20 
p.p.m. as CaCOs. 


acid to phenolphthalein, titrate to the 
phenolphthalein end point with 0.05 N 
sodium hydroxide and just discharge the 
red color with 0.05 N hydrochloric acid. 
Titrate with 0.02 N potassium palmi- 
tate, stirring vigorously until a_per- 
manent red color is developed that will 
not disappear upon stirring for 30 sec. 


* 


CALCULATION OF RESULTS 


From the number of milliliters of po- 
tassium palmitate required for the titra- 
tion, subtract 0.3 ml. for a blank and 
multiply the results by 20 to obtain the 
hardness of the sample in parts per 
million according to the following equa- 
tion: in (milliliters potassium palmitate 
—0.3) X 20 = p.p.m. hardness as CaCO; 


TABLE IT.—EFFECTS OF VARYING CONCENTRA- 
TIONS OF IONS ON END POINT IN THE 
PALMITATE METHOD. 


| { 


| Calcium 

| #8 CaCO, | a5 

ml.¢ p.p.m. a. 

¢ 

SiOz 
0.75 10 10 9 —1 
10.00 10 195 191 —4 
10.00.,.. 25 195 191 —4 
10 44 39 
25 44 | 57 | +13 
as 
0.90... 800 10 12 —2 
9.90.... 800 195 | 189 —6 
2000 10 20 +10 
2000 195 | 187 
4000 195 | 184 —Ii1 
7.38.... 800 44 | 43 —1 
2000 44 | 45 +1 
(Fe) +++ 
5 10 8 --2 
0.90... 10 10) 12 42 
Cl as NaCl 

O08.::: 200 10 11 +1 
2000 10 10 0 
P.O» 2000 195 | 187 —8 
200 44 50 +6 
2000 44 32 —12 


“1 mi. potassium palmitate = 0.983 mg. CaCO; = 19.7 
p.p.m. CaCOs. 


when a 50 ml. sample is taken for titra- 
tion. 


EXPERIMENTAL RESULTS AND EFFECTS 
oF IONS 


Table I gives the results of titration 
of standard calcium nitrate, magnesium 
chloride and magnesium sulfate with 
potassium palmitate and potassium ste- 
arate. With potassium palmitate, cal- 
cium can be titrated to a concentration 
as high as 400 p.p.m. as calcium car- 


bonate, but the magnesium cannot 
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exceed 200 p.p.m. as calcium carbonate 
and still obtain a sharp end point. With 
potassium stearate, results compare fa- 
vorably with potassium palmitate in 
titrating calcium, but the titration of 
magnesium gives erratic results. 

The effects of various ions commonly 
found in water were investigated and 
results are shown in Table II. Silica, 


TABLE III.—Resutts or ToTaAL HARDNESS 
DETERMINATIONS ON VARIOUS SAMPLES, 
WITH COMPARISONS AGAINST GRAVIMETRIC 
ANALYSIS. 


»& | Hardness, 

Sa) Se Method, 

a oc p.p.m 

Of] law 
Sample at | 

BS | | | os 
22|68 SEE Seise| 

1 23.3; 102) 33.5) 27; 26) 27] 30 
2 206) 101) 30.7 27 18 26) 43 
3 |} 23.9) 17.9) 41.8 43 40 24; 34 
4 | 45.2} 10.2) 55.4) 44) 42 51| 54 
No. 5....| 9.3} 2.5] 118] 12 6 11! 16 
Jo.6.....| 21.3} 8.6] 29.9) 27) 26) 31] 36 
No. 7%.. 683 349 |1032 1000, 824! 910) 945 


1001 | 495 |1496 | 1490) 1276 1340/1250 


# Dilution factor of 5 used in all tests. 


TABLE IV.—ANALYsSIS OF WATER SAMPLES. 


| is | | 
| | | lg |g 
iO 
Bi 
13 
No.1... 3.8] 0 | 0.1) 34) 2) 88| 0 | 69 
No, 2...) 3.0 0|01 6 1} 34 0| 5.9 
No. 3.. 5/28 | 00) 448, 104) 200 | 160 | 0 5 
No. 4.. | 0.1} 496) 136, 328 32 0 | 85 
Ne $.. 00 O 01 2) 0 12 0 0 61 
No.6...|2.5| 0/014) 32) 2) 0167 
No.7...| 2.0, 0 | 50, 496 288| 0171 
No.8.. || 2.0, 0 | 5.1) 514) 11] 298] 0 | 0 | 69 


| 


_ introduced in the form of sodium silicate, 

_ shows some interference with magnesium 

in higher concentrations, although it is 
possible that limiting solubility of mag- 
nesium in such a system influences these 
results. The sulfate ion, when present 

in high concentrations, approximately 

2000 p.p.m. as Na,SO,, offers some inter- 

; ference with hardness in low concentra- 


SHEEN AND NOLL 


tions but in all normal systems will not 
interfere. The ferric ion may be present 
up to 10 p.p.m. without appreciable 
interference. Chloride concentrations 
may be as high as 2000 p.p.m. as NaCl 
without material interference in calcium 
determination but show a slight inter- 
ference in the determination of mag- 
nesium. 

The method was applied to the deter- 
mination of total hardness on a number 


of actual water samples and these data ° 


are shown in Table III. Results are 
given for comparison on determination 
with potassium stearate on some sam- 
ples, and with Clark’s method on some 
samples not neutralized and also neu- 
tralized to pH 8.3 before titration. 
Gravimetric calcium and magnesium 
was determined in each case. Table IV 


shows a regular mineral analysis of these 


samples. 


DIscUSSION AND CONCLUSION 

A comparison of the values obtained 
in the palmitate method with the gravi- 
metric determination of calcium and 
magnesium in general shows good agree- 
ment, with an average variation in nor- 
mal concentrations of 3 to 6 p.p.m. with 
an occasional value showing some dis- 
crepancy. Results are slightly better 
than those obtained with the Clark 
method on neutralized samples. The 
neutralization of a sample before titra- 
tion with Clark’s soap method seems to 
offer some improvement in that method, 
particularly in lower concentrations of 
hardness. 

Time did not permit a study of the 
methods suggested by several previous 
investigators (3, 4, 7, and 8) on a separate 
determination of magnesium following 
an oxalate precipitation of calcium, but 
this will be made the subject of further 
investigation. 
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Me. T. H. DauGnerty! (presented in 
written form).—One of the most interest- 
ing conclusions to be drawn from this 
paper is that the Blacher palmitate 
method yields results no more accurate 
than those obtained by the Clark 
method when the latter is carried out 
with proper regard for the fundamental 
properties of soap. About six years ago 
Kean and Gustafson? suggested that the 
erratic results of soap hardness tests on 
waters high in carbon dioxide were due 
to hydrolysis of the soap, and suggested 
the addition of sodium hydroxide to the 
standard soap solution. Several years 
ago in our own laboratory the standard 
procedure was adopted of adjusting each 
sample of water with dilute alkali or 
acid until it showed a faint pink color 
with phenolphthalein before addition of 
soap. This corresponds closely to the 
pH of 8.3 used by Sheen and Noll. 
Adjustment of the sample in this man- 
ner serves to make the results on differ- 
ent samples at various initial pH values 
more strictly comparable with one 
another and with the calcium or mag- 
nesium solution used in standardizing 
the soap reagent. This procedure satis- 
factorily eliminates the interferences due 
to CO. and iron salts. Color of the 
sample does not influence the end point 
obtained. A blank value is obtained 
which is more constant and more easily 
reproducible than the lather factor ob- 
tained without this adjustment. It is 
noticed in Table III of the paper that 
the data obtained by such a neutraliza- 
tion step in the Clark method are in as 
good agreement with the gravimetric 
data as the data obtained with the po- 


1 Research Chemist, Hall Laboratories, Inc., Pittsburgh, 
Pa. 

2R. H. Kean and H. Gustafson, “Some Factors Influenc- 
ing Soap Tests for Hardness,” Industrial and Engineering 
Chemistry, Analytical Edition, Vol. 3, p. 355 (1931). 
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tassium palmitate titration. Where the 
sample contains COs, iron salts or color- 
ing agents, it is likely that the results by 
the adjusted Clark procedure will be 
more reliable, due to the interference of 
these materials in the color-change end 
point of the Blacher method as dis- 
cussed by Kolthoff and Furman.’ 

Another improvement on the Clark 
procedure is the use of 80 per cent iso- 
propanol for preparing the stock and re- 
agent solutions. Precipitation and con- 
sequent change in standardization value, 
due to aging and to temperature changes, 
are materially reduced from those with 
the usual ethanol or methanol solvents. 

Messrs. R. T. Anp C. A. 
Now! (authors’ closure).-The purposes 
of our investigation was to see whether 
we could find a more accurate method 
and at the same time a method that 
would result in a saving in time. An 
examination of Table III will show an 
average deviation of 4.2 p.p.m. hard- 
ness on the titration with potassium 
palmitate as against a deviation of 5.9 
p.p.m. with the use of the Clark method 
on a neutralized sample. Such an in- 
crease in the accuracy to be obtained is 
desirable. In our laboratories, analyses 
are made on from 75 to 300 samples 
ach day. If we can reduce the time 
of an analysis by even 1 min. without 
sacrificing accuracy, we have effected a 
desirable change and for this reason have 
adopted the palmitate method for deter- 
mination of hardness in practically all 
except boiler water samples. In_ boiler 
water and colored waters, we use the 
Clark method, neutralizing the sample 
to the phenolphthalein end point priot 
to titration. 


Kolthoff and Furman, “Volumetric Analysis,” Vol. II, 
pp. 180-182 (1929). 

‘Technical Director, and Chief Chemist respectively, 
W.H. &L. D. Betz, Philadelphia, Pa. 
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IN THE DETERMI 


By T. H. 


TECHNIQUE 


SYNOPSIS 


A discussion is presented of the ne 


centrations of dissolved oxygen in plant waters, particularly those pertaining 


to boiler plants. The various modifi 
appearing in the literature are consid 


accuracy and practicability in the plant. 


titration B modification, with severa 
believed to be the simplest to operate 
other methods and hence most sati 


theory and procedure of this modific 
throughout upon the careful technique that is essential in the determination 


of traces of dissolved oxygen. Reco 


tests of all methods, for further investigation of the electrometric titration and 
for determining the permissible limit in the sample of contaminants such as _ 


nitrite and sulfite. 


The internal corrosion of metal in 
boilers and related equipment is a prob- 
lem of ever-increasing importance to 
industry. Ever since dissolved oxygen 
was recognized as a primary factor in 
promoting corrosion, a continuous battle 
has been waged to limit the amount of it 
entering a boiler system. More re- 
cently, chemical treatment to remove 
residual traces of oxygen has been widely 
employed. 

As a result of the wide use of mechani- 
cal deaeration to remove most of the dis- 
solved oxygen from boiler feed water, 
methods of determining the residual oxy- 
gen content have received much atten- 
tion. Improvement in the design and 
operation of deaerating equipment has 
inspired many efforts to increase the 
sensitivity and accuracy of the analytical 
methods as the quantities to be measured 
became steadily smaller. 


1 Research Chemist, Hall L aboratories Inc., Pittsburgh, 
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mmendations are made for comparative 


The Winkler method is the basic test, 
particularly for field control use. It is 
generally considered to have a lower 
limit of determinability of 0.03 p.p.m. O2 
and a reproducibility of 0.01 p.p.m.O».? 
For many uses, these limits are suffi- 
cient, particularly where simplicity is 
a factor. However there have been 
cases where definite oxygen corrosion 
has occurred from waters consistently 
showing zero oxygen by this test. 
Thus it can readily be seen that the 
need for a test for dissolved oxygen, 
more sensitive and more accurate than 
the Winkler test, is imperative. 

In the various tests that have been 
proposed in the literature to meet this 
need, three principles have been em- 
ployed to eliminate or reduce the errors 
attributable to the Winkler procedure. 
These are: (1) evolution of the dissolved 
oxygen, so that it can be fixed and 


2Qne part per million O: is equi ul to 0.7 ml. Oz per liter 


at OC, and 760-mm. pressure. 
615 
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titrated away from contaminants; (2) 
separate determination of the magnitude 
of the errors present, so that they can be 
eliminated by the use of factors; and 
(3) double titration, so that any errors 
present can be eliminated by subtraction 
of two titration values that are identical 
except for the constituent sought. It 
will be noted that all of these principles 
apply to modifications of the Winkler 
method. Other principles have been 
presented, some not based upon the Wink- 
ler method, but those listed above are 
the only ones claiming a greater sen- 
sitivity than the Winkler test. 

All of these modifications require the 
use of an accurate technique commensu- 
rate with the sensitivity and accuracy 
expected. This is true of any test meas- 
uring concentrations in thousandths of a 
part per million, but from what has been 
observed in field use, the necessity for 
refinement of technique seems to be gen- 
erally overlooked in connection with the 
oxygen test. 

The procedure of White, Leland and 
Button*’ employs the evolution principle. 
This method has not yet been reduced to 
a simplicity that would enable its general 
use in the field. Basically it still con- 
tains errors, such as oxygen and contami- 
nation in reagents and interference of 
volatile contaminants, that are incident 
to the Winkler test and that must be 
cancelled out by subtraction of predeter- 
mined factors. 

The second principle of determining 
the magnitude of the individual errors 
has been utilized by Subcommittee VITI 
on Standardization of Water Analysis 
Methods of the Joint Research Com- 
mittee on Boiler Feedwater Studies.’ 


24 A. H. White, C. H. Leland and D. W. Button, “De- 
termination of Dissolved Oxygen in Boiler Feed Water,” 
Proceedings, Am. Soc. Testing Mats., Vol. 36, Part II, 
p. 697 (1936). 

3C. H. Fellows, “Determination of Dissolved Oxygen 
in Boiler Feedwater,” Progress Report to Joint Research 
Committee on Boiler Feedwater Studies, May, 1935, not 
published. 
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The accuracy obtained is predicated 
upon the accuracy in obtaining constants 
for the individual errors comprising the 
total recognizable error, and upon the 
constancy of these individual errors. 

The procedures of Schwartz and 
Gurney* employ the third principle of 
double titration. It is believed by the 
author that the chances for accuracy are 
improved by the use of this principle 
because the aggregate of the individual 
positive or negative errors is cancelled 
out in each determination, and hence 
there is no need for dependence upon 
evaluation or constancy of the individual! 
errors. Also the same steps in technique 
that can be applied for minimizing over- 
all error, such as more dilute titrating 
reagent, electrometric titration without 
starch, etc., can be applied with equal 
benefits to a method based upon this 
principle as to one based upon either of 
the other two principles. Hence these 
methods will be discussed in detail. 

The Schwartz and Gurney methods 
have received only a limited acceptance 
by those interested in testing for traces 
of dissolved oxygen, because of a general 
belief that the procedures are compli- 
cated and require too exacting a tech- 
nique and because of the frequent lack 
of understanding of the mechanism by 
which errors normally incident to the 
Winkler test are cancelled out. Others 
qualified in the technique and thoroughly 
familiar with the theory have tried to 
follow the procedures, but have obtained 
unsatisfactory and inconsistent results, 
due, in the author’s opinion, to faults in 
the procedures themselves which can be 
satisfactorily eliminated by the use of 
certain logical modifications. 

It is proposed to present the A and B 
methods of Schwartz and Gurney in 


detail, discuss their theoretical back- 


4M. C. Schwartz and W. B. Gurney, “The Determina- 
tion of Traces of Dissolved Oxygen by the Winkle: 
Method,” Proceedings, Am. Soc. Testing Mats., Vol. 34, 
Part II, p. 796 (1934). 
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ground, point out several sources of 
eorror, describe changes in technique to 
eliminate such errors and then present 
an adaptation of the B modification 


which is simple and foolproof so far as” 


consistent with the accuracy and sensi- 
tivity required. 


THEORY OF METHOD A 


In the authors’ closure to the discus- 
sion of their paper,® Schwartz and Gur- 
ney give the following outline of the pro- 


cedure for method A: 


Four samples of which two [500-ml. 
Erlenmeyer flasks in tandem, containing 
three-holed rubber stoppers for an inlet and 
outlet tube as well as a solid glass plug for 
reagent addition] are collected in the usual 
manner and two of which may be collected 
in the open (are taken). Then add the 
following reagents in the order and quanti- 
ties listed below shaking well after each 
addition of reagent: 


SAMPLE Ti SAMPLE T2 
1 ml. MnCle 2 mil, MnCh 
1 mi. alk. KI 2 mi. al<. KI 
2 mi. H.SO. 


1 ml. KH(10Os), 1 ml. KH(10s), 


SAMPLE Bi SAMPLE B2 
1 ml. alk. KI 2 mi. alk. KI 
1 ml. H.SO« 2 mi. H,SO, 
1 ml. MnCl, 2 mi. MnCl, 
1 mil. KH(10s)2 1 ml. KH(IOs)2 


Take 500 ml. for titration with 0.01 NV 
sodium thiosulfate. 

Then 2(7; — By) — (Tz. — By) = 
milliliters of oxygen in sample or for 500-ml. 
samples. [Note: This should read: ‘Then 
(T2 Bo) = milliliters of 
0.01 NV sodium thiosulfate equivalent to dis- 
solved oxygen in 500-ml. sample.] 
0.112 x [2(T,; — B,) —(T2 — = 
liters of oxygen per liter in sample. 


milli- 


The titration values 7 and B through- 
out this paper are in terms of milliliters 
of 0.01 V sodium thiosulfate. 


® Proceedings, Am. Soc Testing Mats., Vol. 34, Part II, 


p. 819 (1934). 


The titration value of sample 7}, in 
which 1 ml. of each reagent is added in 
normal Winkler order, is due to the sum- 
mation of the iodine liberated or ab- 
sorbed by the following factors: 

1. Oxygen fixed from 500-ml. sample. 

2. Oxygen fixed from 1 ‘ml. of each of 
the first two reagents. 

3. 1 mi. KH(TOs)e reagent. 

4. Starch end point error. 

5. Interfering substances from 500-ml. 
sample. 

6. Contamination other than dis- 
solved oxygen from 1 ml. of each added 
reagent. 

The titration value of blank B,, in 
which 1 ml. of each reagent is added in 
reverse Winkler order, thus fixing no 
oxygen, is due to the summation of the 
iodine liberated or absorbed by the above 
factors 3, 4, 5 and 6. 

Thus by subtracting: 

T, — B, = titration value of oxy- 
gen fixed from 500-ml. 
sample + _ titration 
value of oxygen fixed 
from 1 ml. of each of 
the first two reagents. 

Similarly, the titration value of sample 
72, in which 2 ml. of each reagent except 
K H(1IO3)2 is added in the normal Wink- 
ler order, is due to the summation of 
the iodine liberated or absorbed by the 
same factors as for 7; except factors 2 
and 6, which become: oxygen fixed from 
2 ml. of each of the first two reagents, 
and contamination from 2 ml. of each 
added reagent, respectively. 

Similarly also, the titration value of 
blank Be, in which 2 ml. of each reagent 
except KH(1Oz3)2 is added in the reverse 
Winkler order, thus fixing no oxygen, is 
due to the summation of the iodine 
liberated or absorbed by the same fac- 
tors as for B,, namely, factors 3, 4, 5 and 
6 except that factor 6 becomes: con- 
tamination from 2 ml. of each added 
reagent. 


| 
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Thus by subtracting: 
T2 — Be = titration value of oxygen 
fixed from 500-ml. sample 
+ titration value of oxygen 
fixed from 2 ml. of each of 
the first two reagents. 


By doubling and subtracting further 

_ tion value of oxygen fixed 
The titration value of the oxygen 
initially present in the 500-ml. sample is 


as follows: 
from 500-m]. sample. 
thus obtained free from the listed recog- 


nizable errors, which cancel out in the 


subtraction, and can be calculated by the 
use of a suitable factor to milliliters per 
liter or to parts per million. 

In this method, four 500-ml. sample 
bottles are filled with the water to be 
tested, two are fixed with, respectively, 1 
and 2 ml. of Winkler reagents in the nor- 
mal order, two are treated with, respec- 
tively, 1 and 2 ml. of Winkler reagents in 
reverse order and four titrations are 
made. If, in a series of tests on a par- 
ticular water, the blank titration values 
B, and Bz are found to be constant, they 
may be used for subsequent tests on that 
water and only two samples need be col- 
lected and fixed with, respectively, 1 and 
2 ml. of Winkler reagents in the normal 
order and titrated; otherwise four sam- 
ples and titrations per determination are 
essential. 

It will be noted that the addition of 
the bi-iodate is for the purpose of supply- 
ing iodine in a definite and equal quan- 
tity to each of the four samples. Thus if 
any reducing agents are present in the 
sample, this iodine serves to oxidize them 
and.yet leave an excess to be titrated. 
Since the same quan! cy of sample is 
titrated from each flask, the amount of 
iodine so used up will be the same for 
-ach titration and hence will be cancelled 
out in the subtraction. If the bi-iodate 
were not added, a particular sample 


might have reducing agent present in 


excess of the iodine liberated by the dis- 
solved oxygen present and thus prevent 
the presence of the oxygen from showing 
up. Reducing agents are frequently 
met with that are oxidized much more 
slowly by dissolved oxygen than by 
iodine. An example of this is sulfide ion. 

It will be noted further that the mag- 
nitude of some of the errors present in 
the straight Winkler procedure can be 
evaluated from these titrations. Thus: 

B, — B, = Titration value of the 
contamination in 1 ml. 
portions of added rea- 
gents. 
and (7, — -— (Be = titra- 
tion value of oxygen 
fixed from 1 ml. of each 
of the first two added 
reagents. 

For evaluating the starch end point 
error, the method given by Meisenburg 
and Fellows,® applied to the proper size 
sample, is recommended. 

Contamination in the sample can be 
evaluated if it is valid to assume that the 
interfering substances likely to be 
present behave in the same way to the 
same extent towards I, and KI in both 
alkaline and acid solution, but this point 
has not been thoroughly investigated. 

If a contaminant is present in the 
sample that liberates I, from KI, its 
titration value can be determined from 
the titration value of blank B, with 1 ml. 
of KH(1Os)2 as given above, the titration 
value of blank By as given above, but 
with the addition of 2 ml. of KH(1QOs3)2 
instead of 1 ml. (B; in following equa- 
tion) and the titration value of the 
starch end point error as determined by 
the procedure referred to above (.S in 
following equation). Thus: 


6S. J. Meisenburg and C. H. Fellows, “The Accuracy 
of the Winkler Method for Dissolved Oxygen in Boiler 
Feedwater,” Progress Report of July, 1933, for Joint 
Research Committee on Boiler Feedwater Studies, pre- 
sented at annual meeting, Am. Soc. Mechanical Engrs., 
December, 1933. 
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value 


2B, — B; — S = titration 
of the oxidizing 
contamination in 


500-ml. sample. 


Similarly, if a contaminant is present 
in the sample that absorbs Is, its titra- 


tion value can be determined from 
these same values. Thus: 
B;, — 2B, — S = titration value 


of the reducing 
contamination in 
500-ml. sample. 


THEORY OF MeEtuop B 


In the authors’ closure to the discus- 
sion of their paper, Schwartz and Gurney 
give the following outline of the pro- 
cedure for the B method: 


Two samples are collected in the usual 
manner. Then add the following reagents 
in the order and quantities listed below: 


SAMPLE SAMPLE 250 
2 mi. MnCl. Same as for 7s50¢ 
2 mi. alk. KI Same as for Tso0 


2 ml. H.SO, 
1 ml. 


Same as for T500 
Same as for 7500 

Add 250 ml. of untreated water to To5 
and titrate both 500-ml. samples with 0.01 
N sodium thiosulfate. Then 0.224 (T5009 
T59) = milliliters of oxygen per liter in 
sample. 


In this method, one 500-ml. sample 
and one 250-ml. sample are separately 
fixed with the same quantities of the 
same reagents added in the normal Wink- 
ler order. Before titrating the 250-ml. 
sample but after fixing with acid, 250 ml. 
of untreated sample is added. 

The titration value of sample 7%99, in 
which the oxygen in the 500-ml. sample 
is fixed, is due to the summation of the 
iodine liberated or absorbed by the fol- 
lowing factors: 

1. Oxygen fixed from 500-ml. sample. 

2. Oxygen fixed from 2 ml. of each of 


the first two reagents. 
3. 1 ml. reagent. 


4. Starch endpoint error. 


619 


5. Interfering substances from 500-ml. 
sample. 

§. Contamination other than dis- 
solved oxygen from 2 ml. of each added 
reagent. 

The titration value of sample 7250, in 
which the oxygen in 250 ml. of the sample 
is fixed and to which 250 ml. of untreated 
sample is added, is due to the summation 
of the iodine liberated or absorbed by the 
same factors as for 7599 except the first 
factor which becomes: oxygen fixed from 
250-ml. sample. Hence by subtraction: 

Ts00 — T2o50 = Titration value of 
oxygen fixed from 
250-ml. sample. 

The titration value of the oxygen ini- 
tially present in 250 ml. of the sample is 
thus obtained free from the listed recog- 
nizable errors which cancel out in the 
subtraction. In this method, three sam- 
ple bottles, one 500-ml. and two 250-ml., 
are filled with the water to be tested, the 
last of which need not be collected out of 
contact with air. ‘Two fixed samples are 
titrated, the blank correction being made 
automatically without the necessity for 
titrating extra blank samples and there 
is no addition of reagents in different 
amounts nor in reverse order. 

In discussing the Schwartz and Gur- 
ney procedure, White, Leland and But- 
ton? object to the addition of reagents 
in reverse order as a blank for cancelling 
interferences due to the possibility of 
incomplete reactions. It will be noted 
that this objection is applicable to 
method A but is not valid against 
method B. 


IMPROVEMENTS IN SAMPLING PROCEDURE 


The technique employed in taking the 
sample for any test is of fundamental 
importance. It is obvious that a repre- 
sentative sample of the material to be 
tested must be taken and also that the 
constituent to be determined must not 
be introduced as a contaminant during 
the sampling nor during the test up to 


| 
e 
S: 
1e 
il. 
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the point where such introduction will 
no longer cause errors. In the Schwartz 
and Gurney procedures, more than one 
sample is required and hence these sepa- 
rate samples must be as nearly identical 
as possible. 

One way of meeting these conditions is 
to collect the samples in tandem. This 
technique is specified by Schwartz and 
Gurney. A diagram of the required 
sampling apparatus for method B is 
shown in Fig. 1. The apparatus for 
method A would be similar except that 
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Discharge End of Screw C. lamp 
Cooling Col Glass Tobing “6mm. \ 
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difficulty, since frequently samples are 
spoiled, due to a sticking or to a loose 
plug. The contact of sample with rub- 
ber tubing and stoppers makes the sam- 
ple questionable. The assembly is awk- 
ward to transfer from point of sampling 
to laboratory bench. The net effect is 
to cause the sampling procedure to be 
slow, with occasional accidents neces- 
sitating the taking of another set of 
samples. 

To obviate these difficulties and an- 
noyances, a simpler sampling procedure 


> 


_ Screw Clam, 


Rubber Tubing 


Rubber Tubing Rubber Stopper 
- -6mm. —ThreeHole-~\| 
‘on 
“, Erlenmeyer Flask Erlenmeyer Flask Erlenmeyer Flask 
Volume (300+X) ml. Volume (250+X)ml. Volume (250+X) ml. 
A B C 
Fic. 1.--Sampling Flasks for Schwartz and Gurney Oxygen Test, Method B. 


four 500-ml. Erlenmeyer flasks would be 
used with the last two not necessarily 
= from contact with air. 
The practical use of this sampling 
- technique results in several difficulties. 
Air bubbles are frequently trapped be- 
neath the rubber stoppers and are trou- 
blesome to disengage. It is difficult to 
keep the rubber tubing tight enough to 
prevent leakage and yet not too tight to 
be easily removable, particularly where 
the pressure of water in the sampling 
is not easily controllable. Similarly, 
q the operation of the plugs is a source of 


is proposed which meets the conditions 
for taking the samples outlined above by 
employing the principle of simultaneous 
sampling. A manifold is attached to the 
sampling line, the arms of which extend 
into separate bottles placed in a con- 
tainer so that the overflow will leave the 
tops of the bottles under about one inch 
of water. A sketch of such an apparatus 
for method B is shown in Fig. 2. For 
method A, four arms would be necessary. 

The manifold shown is made of copper 
tubing brazed to the required shape. 
Other materials, such as stainless steel 
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or even glass, could be used and also 
other shapes and methods of connecting. 
It appears best to avoid contact of the 
sample with rubber tubing, however, to 
eliminate the possibility of contamina- 
tion. This may be done by connecting 
the manifold to the throttled discharge 
end of the cooling coil by: means of 
flexible copper tubing. Another method 
would be to put a large loop in the copper 
tubing entering the manifold and insert 


the end into the sampling line, covering 


— 


Three Arm Mamfold 


250m/. 8.0.0. Bottles 
> 


-entrapping air bubbles. 


ples in bottles immersed in the overflow 


Discharge End of 


500 ml. B.0.D. Bottle 
/ 
_~. Overflow 


ideal for the purpose since the conical 
tips on the stoppers fit down into the 
necks when the bottles are filled without 
Kach bottle has 
its stopper wired on, since each is ground 
to fit. The two 250-ml. bottles in the 
B method rest on a support at the bottom 
of the container so that their necks will 
be level with the neck of the 500-ml. 
bottle. 

The technique of collecting the sam- 


Connect to Throttled 
Cooling Coil 
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Fic. 2. 


the joint with rubber tubing or tape. If 
a close fit is made, no appreciable contact 
of the sample with any material but the 
metal tubing will be had. 

The arrangement shown has _ been 
found convenient to use with a gallon 
can or a battery jar but other containers 
would serve just as well. 

The bottles used are approximately 
250- and 500-ml. capacity with narrow 
neck and conical-type stoppers. These 
are listed in chemical supply house cata- 
logs as “B.O.D.” bottles. They are 


N 
Metal Block Support 


New Sampling Assembly for Schwartz and Gurney Oxygen Test, Method B. 


water has been used by others and its 
benefits are particularly justified in these 
methods. It serves to facilitate remov- 
ing and replacing stoppers during addi- 
tion of reagents without exposing the 
samples to contact with air and, if used 
with the water flowing from the sampling 
line continuously during fixing, it also 
serves to wash away the manganic oxide 
formed outside of the bottles from the 
last drops leaving the pipettes. 
Another improvement in the tech- 
nique of sampling is to first adjust the 
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cooling water supply of the cooling coil 
so as to obtain hot sample (under 212 F.) 
without flashing. Fill the sample bot- 
tles and allow to overflow several times 
with this hot sample. Then turn on the 
cooling water supply sufficiently to de- 
liver cooled sample and continue flushing. 
The purpose is to sweep out the air in 
the sample bottles with hot water which 
will dissolve less oxygen from the air 
than cold water. Thus the diluting 
effect on subsequent fillings of the bot- 
tles, to remove the oxygen-contaminated 
sample resulting from the first filling in 
contact with air, will be more effective, 
since less oxygen contamination will be 
present. The final samples should be 
cooled to within five degrees of the 
ambient temperature of the cooling 
water, however, so that water will not 
be sucked in around the stopper due to 
the contraction of a hot sample upon 
cooling. 

A source of error in the Schwartz and 
Gurney procedures, particularly method 
B, that is frequently overlooked is the 
adjustment of volumes in the sampling 
flasks. It is tacitly assumed in the A 
method that the respective volumes of 
the four sampling flasks are identical and 
in the B method that the volume of the 
larger flask is double that of the smaller 
flask. If these assumptions are not 
valid, the various error factors described 
above would not cancel out and the dif- 
ference obtained by subtraction would 
not be a true value for the dissolved oxy- 
gen concentration. 

Actually the real volumes of the Erlen- 
meyer flasks commonly used are con- 
siderably greater than the rated volumes. 
Calculation has shown that, if significant 
error is to be avoided in the methods, the 
real volumes of the four 500-ml. flasks 
should not differ by more than 1 ml. In 
method B, the difference in real volume 
~ between the 500-ml. and the 250-ml. 
- flasks is not the value of 250 ml. ordi- 
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narily assumed. This introduces errors 
considerably greater than those which 
the procedure is intended to eliminate. 

In either method, the possible error 
due to volume differences can be cor- 
rected for quite simply by adding glass 
beads or other inert material to the 
flasks in order to adjust their volumes to 
the desired values. In method A, it is 
desirable for all four volumes to be identi- 
cal and then the entire contents of each 
flask can be used for titration, or 500-ml. 
portions used with the appropriate factor 
for calculation. In method B, the dif- 
ferences between the real volumes and 
the rated volumes of the 500-ml. flask 
and of the 250-ml. flask in which the 
sample is fixed should be made the same 
so that the difference in real volumes 
between the two flasks is exactly 250 ml., 
and then exactly 250 ml. of unfixed sam- 
ple from the other 250-ml. flask is added 
for the second titration. This tech- 
nique gives the titration value for a 250- 
ml. sample. 

The glass beads or other space filler 
can be conveniently poured into the 
titrating vessel along with the sample 
and later returned to the proper flask. 
During fixing, glass beads in the flask 
materially aid in the mixing of added 
reagents when the flask is repeatedly 
inverted. 


IMPROVEMENTS IN FIXING AND 
TITRATING SAMPLES 


The use of potassium bi-iodate is spec- 
ified by Schwartz and Gurney, but due 
to difficulties in obtaining this reagent 
readily, the author has found potassium 
iodate to be more satisfactory. 

A source of error in the procedure is 
the method of adding the iodate (or bi- 
iodate). According to the instructions 
given by Schwartz and Gurney, a 0.1 
bi-iodate solution is used, and 1 or 2 ml. 
of it is added to each flask after fixing 
with acid in the same manner (by pi 
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and Button.?” 
tion a plot of the exact electromotive 
force is not needed, but rather a more 
simple plot of the change in electro- 
‘motive force upon the addition of incre- 


pette) as with the other reagents. It 
can readily be seen that a small difference 
between the amounts of this compara- 
tively strong solution added to the two 
samples will cause an appreciable error 
in the oxygen value obtained. Prac- 
tically, it is extremely difficult to intro- 
duce exactly the same amount of reagent 
from a pipette in this manner into two 
separate samples. 

This technique can be improved by 
adding the solution from a burette to 
the samples after they have been fixed 
and emptied into a casserole or porcelain 
dish ready to titrate with thiosulfate. 
Also, greater accuracy can be obtained 
if a larger volume of a more dilute rea- 
gent be added from the same region of a 
finely-calibrated burette. Consequently 
the author prefers to add 5 ml. of 0.01 N 
iodate or bi-iodate from a 10-ml. burette 
calibrated in 0.05 ml. to the casserole 
containing the fixed sample. 

Another source of error that might be 
minimized is the titration of the liberated 
iodine with sodium thiosulfate to the 
starch-iodine end point. The use of 
large sample (over 500 ml.), dilute rea- 
gent (0.01 N thiosulfate) and insoluble 
starch (arrowroot) causes this titration 
to be a difficult one. If the samples are 
titrated at the same temperature to the 
same shade of end point, the error inci- 
dent to the starch-iodine complex cancels 
out. Practically, there is considerable 
difficulty in matching the two end points 
exactly, hence an error of some definite 
magnitude is introduced. It can be 
shown readily, for example, that two 
porcelain dishes or casseroles have a dif- 
ferent shade of white, and this difference 
is frequently great enough to make exact 
matching of the end points in two titra- 
tions impossible. 

If starch is not used and the end points 
are determined electrometrically, this 
difficulty would be eliminated. This 
technique is employed by White, Leland 


Actually in such a titra- 


ments of thiosulfate. Hence a very 
simple potentiometer assembly can be 
employed. 


ADAPTATION OF THE SCHWARTZ 
GURNEY B 


AND. 


From a consideration of the modifica- 
tions in technique discussed above, the 
following adaptation of the Schwartz and 
Gurney method B for determining traces 
of dissolved oxygen is recommended, 


Procedure for Sampling: 


Using the assembly shown in Fig. 2 
with volume-adjusted B.O.D. bottles, 
connect the manifold to the throttled 
discharge end of the cooling coil’? and 
lower the arms of the manifold into the 
three sample bottles. With the water 
supply of the cooling coil adjusted to 
give hot sample without flashing, open 
the throttle of the sampling line enough 
to flow a steady but not turbulent stream 
of hot water into the bottles at a rate 
of about 1 |. per min., thus filling the 
500-ml. bottle from the manifold in 
about 13 min. Allow the container to 
overflow about three times its volume 
and then turn on the cooling water 
fully in the jacket leaving the rate of 
flow of sample unchanged. Allow the 
container to overflow about five times 
its volume and slowly raise the manifold 
until all arms disengage from the bottles. 
Lower the manifold into the container 
with the arms outside the bottles. Stop- 
per the bottles and examine each one 
for entrained air bubbles. (If any are 


7For preparation of cooling coil assembly, see Harold 
Farmer, Standard Methods of Analysis Progress Report of 
Subcommittee VIIL on Standardization of Water Analysis 
(Tentative Method for Determination of Dissolved Oxygen 
in Boiler Feed Water), Transactions, Am. Soc. Mechanical 


Engrs., Fuels and Steam Power Section, Vol. 51, No. 12, p. 
90 (1929). 


found, disengage them by swirling or 

with the fingers and flow more sample 
through all the bottles in the same 
-manner given above about five times the 
volume of the container. One visible 
air bubble can ruin a sample.) Keep 
the water to be sampled flowing through 
the manifold and into the container. 
The samples are now ready to be fixed. 


Procedure for Fixing: 


The 500-m]. B.O.D. bottle is referred 
to as bottle A, the 250-ml. one, whose 
oxygen content is to be fixed, as bottle B 

and the other 250-ml. one as bottle C. 
_ Add the regular Winkler reagents of 
the usual! strength and in the regular 
- Winkler order and quantities to bottles 

A and B by means of pipettes (a separate 
_ pipette for each reagent) lowered about 
2 in. into the bottles (except the acid, 
which should be released in the necks 
of the bottles) while the bottles are under 


the surface of the liquid in the container. 

Add no reagents to bottle C. Before 

. lowering the pipettes into the bottles, 

allow a drop of liquid to flow out and 

. hang on the tips of the pipettes each 

time, so that an air bubble will not be 
introduced. 

After the addition of the manganous 

) ion and alkaline iodide solutions, stopper 

bottles 1 and B, remove from the con- 

tainer, and mix the contents thoroughly 

by repeated inverting. Then replace 

them in the container, allow to stand 


until the precipitate has settled (about 
10 min.), unstopper, fix with the acid, 
stopper and again mix by inverting. 
Remove all of the bottles from the con- 
tainer preparatory to titrating. — 


Procedure for Titrating: 7 


Hold all samples at 70 F. or lower. 
Pour the entire contents of bottle A 
(including glass beads) into a large por- 
celain dish or casserole. Rinse out once 
with a few milliliters of distilled water. 
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Add exactly 5 ml. of 0.01 N potassium 
iodate (or bi-iodate) from a 10-ml. 
burette. Titrate with 0.01 N sodium 
thiosulfate, from a 5- or 10-ml. burette 
preferably calibrated in 0.01 or 0.02 ml., 
to the starch end point, adding 2 ml. of 
arrowroot starch solution when close to 
the end point. Stir vigorously during 
titration, particularly when near the end 
point. Record titration value in milli- 
liters as 

Clean out this porcelain dish or casse- 
role (returning glass beads to bottle 4) 
and pour the entire contents of bottle B 
(including glass beads) into it. Rinse 
out once with a few milliliters of distilled 
water. Add exactly 250 ml. of unfixed 
sample from bottle C to the dish or 
casserole. Add exactly 5 ml. of the 
same 0.01 N potassium iodate (or bi- 
iodate) from the same region of the same 
burette. ‘Titrate to the starch end point 
in the same manner as given above. 
Record titration value in milliliters as 7p. 

Clean out the porcelain dish or casse- 
role (returning glass beads to bottle B). 
Clean out all bottles and set up prepara- 
tory for next test. If desired, the sam- 
pling water may be allowed to flow con- 
tinuously so that a sample will be ready 


when it is needed. _ 


By adjusting the volumes of bottles 
A and B as previously described, the dif- 
ference between the volumes of these two 
bottles when stoppered will be exactly 
250 ml. Hence, the difference between 
the titration values 7’, and 7, will be 
the titration value of a 250-ml. sample. 
Hence: 

(T, — Tp) X (0.32) = parts per 


Calculation of Results: 


oo million of O; 
in sample, 


(T.4 — Ty) X (0.224) = milliliters of 


Oz per liter 
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RECOMMENDATIONS FOR FURTHER WORK 


It is desirable, in determining the accu- 
racy and sensitivity of a method, to com- 
pare it with other methods that are be- 
lieved to be comparable in these regards, 
by using all methods on a series of identi- 
cal samples. This is particularly neces- 
sary with a method for determining 
traces of dissolved oxygen due to the dif- 
ficulty in obtaining a standard sample. 
Hence, a number of such comparisons on 
identical samples would be necessary to 
set the limits of accuracy and of sensi- 
tivity of the three methods discussed 
here. 

Since contaminants in the sample are 
always likely to be present in varying 
amounts, some data are necessary to 
determine what limits can be tolerated 
by each method. This is particularly 
true for the common contaminants such 
as sulfite and nitrite. Such information 
would answer several perplexing ques- 
tions that have been raised particularly 
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in regard to the two above-mentioned _ | 


materials. 


The benefits of electrometric 


of the fixed samples over the usual titra- 


‘tion to the starch end point have been 


pointed out by White, Leland and But- 
ton.2 However, the equipment required 
is too expensive and not simple enough 
to meet with very wide plant use. It is 
believed that considerable simplification 
can be made in this equipment which will 
reduce its cost and increase its use in all 


procedures utilizing the thiosulfate-— 


iodine titration. 
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Messrs. M. C. Scuwartz! AND W. B. 
GURNEY! (presented in written form). 
The following remarks prior to a dis- 
cussion of Mr. Daugherty’s paper are 
apropos. When the manuscript was 
being prepared for our first paper® on 
the determination of dissolved oxygen, 
it was decided, in deference to the Joint 
Research Committee on Boiler Feed- 
water Studies under whose auspices re- 
search work was being carried out at the 
University of Michigan, not to formu- 
late definite apparatus, sampling de- 
vices and the like for the determination 
of dissolved oxygen. The first paper 
therefore was essentially theoretical. 
Shortly afterwards a need for a proce- 
dure became evident so one was incor- 
porated in our second paper.’ 

Mr. Daugherty’s note under Theory of 
Method A is fully covered in the body of 
both of our papers. Under /mprove- 
ments in Sampling Procedure, Mr. 
Daugherty states “the practical use 
of the sampling technique results in sev- 
eral difficulties.” We are of course not 
prepared to state that our procedure is 
the best possible one; however, obvi- 
ously we have not experienced the diffi- 
culties described. The “source of error” 
in the difference between the rated and 
actual volumes of the Erlenmeyer flasks 
can be simply considered by the use of a 
factor, or still better, the use of McLean 

Chemist, and Efficiency Engineer, respec 
ouisiana Steam Generating Corp., Baton Rouge, 


Li 
2M. C. Schwartz and W. B. Gurney, “The Determina- 
b~ of Traces of Dissolved Oxygen by the Winkler 


Method,” Proceedings, Am. Soc. Testing Mats., Vol. 34 
‘Part 796 (1934). 
Schwartz, “Dissolved Ox gen in Boiler Feed- 


‘water; 4 ; Uininersity Studies No. 21, Louisiana State Uni 
versity Press, Baton Rouge, La. (1935). 


DISCUSSION 


sampling tubes as described in our paper. 
My. Daugherty states that “a source of 
error’ in our procedures is the use of a 
0.1 N bi-iodate. Just how he arrived at 
this conclusion we are at a loss to under- 
stand since it is plainly stated in both 
our papers that we used 0.01 N bi-iodate 
in all titrations. 

The determination of dissolved oxygen 
shows little sign of becoming stand- 
ardized. It is not the intention of the 
writers to advocate their methods or 
procedures to the exclusion of others. 
In this instance, in justice to themselves, 
they must point out that the “several 
sources of error’ described by Mr. 
Daugherty are actually non-existent as a 
reading of both papers would disclose. 


[Epiror’s Nore.—In addition to this 
discussion of the Daugherty paper, 
Messrs. Schwartz and Gurney 
transmitted the following note 
intended for the information of the 
industry: 


It has been called to our attention that 
an error is being made in the determination 
of dissolved oxygen by the writers’ method? 
Potassium bi-iodate should be added in the 
titrating vessel after the sample is “fixed,” 
not in the sampling flask. 

Although the procedure and, in particu- 
lar, the above point, have been dented i in 
greater detail in Bulletin No. 21 of the 
Louisiana State University Press,® the ap- 
parent limited circulation of this publication 
has made it advisable to call it to the general 
attention of those using or contemplating 
using our method for determining dissolved 
oxygen. | 
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Messrs. C. H. Fettows' and J. M. 
REYNAR® (presented in written form).— 
The writers appreciate this opportunity 
to recognize Messrs. Schwartz and 
Gurney for the ingenuity that led them 
to attack the problem of the determina- 
tion of dissolved oxygen from a new 
angle. Although the procedure as 
originally published was far from per- 
fection it stimulated widespread study 
of the double titration idea as applied 
to this determination until at the 
present time their B method, modi- 
fied in a minor although very important 
way, can be used with assurance of 
precision impossible with the Winkler 
method as it has been commonly used 
for the determination of very small 
quantities of oxygen in boiler feedwater. 

To the author of the paper under dis- 
cussion we believe should go the princi- 
pal credit for making the B method of 
Schwartz and Gurney a workable pro- 
cedure. Mr. Daugherty immediately 
recognized the merit of the method, and 
by diligent study so analyzed it that 
he has been able rationally to point the 
way to successful manipulation. To 
those who have doubted the workability 
of this B method may we recommend 
the detailed analysis of the theory of 
that method as presented by Mr. 
Daugherty. 

Aside from this B method of Schwartz 
and Gurney, the only precision method 
that has been proposed in recent years 
for the determination of dissolved oxy- 
gen in low concentration is that offered 
by White, Leland, and Button, and this 
method is perhaps the one of greatest 
fundamental accuracy. Irrespective of 
the nature of the water and nearly all 
ions interfering with the Winkler reac- 
tion, this method can be used with the 
assurance of correct results. It has, 


* Head of Chemical Division, and Engineer, respectively, 
Research Dept., The Detroit Edison Co., Detroit, Mich. 


_ Strictly laboratory procedure. 
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however, as its greatest objection a 
complexity of apparatus and manipula- 
tion that necessitates using it as a 
It is not 
portable and cannot readily be moved 
from plant to plant. 

The B method of Schwartz and 
Gurney is theoretically sound and is 
very attractive from a manipulative 
standpoint. Actual application of the 
procedure recommended has _ revealed 
the necessity for a modification of 
the sampling vessels, to get away from 
the difficulties attendant upon the use of 


=. 


REAGENTS 


OVERFLOW 


Fic. 1.—Sampling Flask for Dissolved Oxygen 


Determination. 
rubber stoppers in the flasks. While 
samples were being taken, bubbles per- 
sisted in lurking under the stoppers. 
Upon sealing the flasks, slight elevations 
in temperature usually caused the stop- 
pers to pop out. Slight decreases in 
temperature created a vacuuia which 
rendered the plug unremovable from 
the hole through which reagents should 
be added. Indeed, a successful removal 
of a plug usually was accompanied by 
the introduction of an air bubble which 
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ruined the determination. The pres- 
ence of glass beads for space fillers to 
adjust the volume to 500 and 250 ml. 
was likewise found to be a nuisance. 
The modification in sampling pro- 
cedure recommended by Mr. Daugherty 
appears to be a decided improvement 
over the stoppered flasks, but the over- 
flow of the outer container would be 
difficult to cope with in most power 
plants. ‘The subsequent opening of the 
bottles for the addition of reagents has 
proved satisfactory for plant tests, but 
could not be recommended for precision 
measurements. 
Sampling flasks which have proved 
very satisfactory in the writers’ labora- 
tory were prepared from 500 and 250-ml. 
‘Erlenmeyer flasks (Fig. 1). They are es 
- sentially the same as those of Schwartz 
and Gurney with the exceptions noted. 
The neck of the flask is sealed around 
the inlet tube and two other outlet tubes 
are sealed on. One near the top serves 
as an overflow, whereas the other is 
located at the apex of the dome-shaped 
top and is used for the introduction of 
reagents. A short rubber tube is fitted 
to this latter tube and sealing is effected 
_by means of a screw clamp. During 
the filling operation all air escapes 
through this open vent which is pinched 
off after water has begun flowing. 
Reagents are added through this opened 
tube by introducing fine-tipped cali- 
brated pipettes into the body of liquid. 
The small amount of solution in the 
flask exposed to air is pinched off and 
discarded during the fixing procedure. 
The volumes of the sampling flasks 


_ are adjusted to exactly 500 and 250 ml. 


a 


by blowing a concave or convex bubble 
on the side of the flask softened in an 
oxygen flame. 

As for the effect of rubber tubing on 
the sample line and flasks, the writers 
have been able to detect no influence 
“of rubber upon the results for dissolved 
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oxygen even at zero oxygen concentra- 
tion. 

The Winkler reagent, Mn(OH)s, was 
found to be effective beyond the ac- 
curacy of other factors of the test in the 
removal of dissolved oxygen. 

Experiments carried out in this labo- 
ratory indicated that the use of starch as 
indicator introduced a variable error 
in the reduction titration in the neigh- 
borhood of 0.01 ml. per liter of apparent 
oxygen.-.The end point appeared too 
soon. It is not believed possible to 
achieve the greatest accuracy even 
with the error-compensating procedure 
of Schwartz and Gurney so long as the 
erratic starch indicator is used in the 
reduction titration. 

Mr. Daughterty for the first time pre- 
sents the reason for the addition of a 
definite quantity of oxidizing solution 
before the final titration of the fixed 
oxygen solution. Heretofore it seemed 
analogous to the case of a man weigh- 
ing a pin on a rough balance by sticking 
it into a pin cushion, weighing pin and 
pin cushion and subtracting the weight 
of the cushion. To those of us who 
determine oxygen on only pure con- 
densate it still seems analogous, for, 
after all, the impurity being investigated 
is dissolved oxygen, not a_ reducing 
substance. This procedure merely es- 
tablishes that reducing substances are 
present, thus invalidiating the deter- 
mination without correcting for them. 

The writers have found electrometric 
titrations to be practicable and _ ex- 
tremely accurate. Changes in solution 
potential are followed by means of a 
potentiometric circuit involving a calo- 
mel half-cell and a platinum electrode 
dipping into the fixed solution in an 
open vessel. Thus the errors of the 
starch end point and the necessity for 
making the addition of a definite quan- 
tity of oxidizing solution are eliminated. 
The presence of reducing substances is 
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immediately indicated by an_ initial 
reading of the solution potential, and 
the titration end point is indicated by 
the greatest change in potential per 
unit addition of titer. 

Electrometric titrations are, of course, 
not practicable at all plants or points 
where dissolved oxygen is measured. 
Such a procedure, however, can be car- 
ried out in any well equipped laboratory 
and offers a precision check on the 
routine determinations using starch as 
an indicator. 

Potassium iodate, KIO;, pre- 
ferred by the writers to the bi-iodate, 
KH(IOs3)2, although both are very satis- 
factory as oxidants. 

The writers have prepared a compre- 
hensive résumé of the investigations 
carried out in their laboratory concern- 
ing methods for detecting dissolved 
oxygen. This will be released for publi- 
cation in the near future. 

Mr. R. C.-Apams® (presented in 
written form).°—The primary interest of 
any engineer in the report of another’s 
work lies in the application of that work 
to his own needs. Therefore I shall 
discuss Mr. Daugherty’s suggestions as 
they might be applied to the determina- 
tion of dissolved oxygen in the feed sys- 
tems of Naval vessels. First, I should 
like to comment on his criticisms of the 
procedures of Schwartz and Gurney, 
then to discuss his proposed procedure 
which is based on the Schwartz and 
Gurney method Bb, and finally to 
make a brief presentation of our proce- 
dure at the Naval Engineering Experi- 
ment Station, which also has been de- 
veloped from method B. 

In the first place it seems that Mr. 
Daugherty’s opposition to the use of 
rubber stoppers and rubber tubing is 


* Chemical Engineer, U. S. Naval Engineering Experi- 
ment Station, Annapolis, Md 

6 The opinions herein expressed are those of the discusser 
and are not to be construed as official opinions of the Bureau 
of Engineering or of the Navy Department. 


rather excessive. 


There is difficulty 
in removing bubbles of air trapped be- 
neath stoppers, particularly the stoppers 


of wide-mouth flasks such as we use. 


“We have found that a short length of 


copper wire is useful in dislodging these 
trapped bubbles when a stopper is first — 
used. Once the under surface of the 
stopper has been wet, we have found no 
further trouble. If the stopper is put 
into the flask at an angle until wet, it 
then may be seated firmly without trap- 
ping air. I agree with Mr. Daugherty 
as to the undesirability of a plugged hole 
in the stopper as a means of adding the 
Winkler reagents. It is almost impos- 
sible to add constant volumes of the 
reagents and to avoid either leaving a 
bubble of air within or below the hole, 
or wasting part of the reagent on top 
of the stopper. We have had no diffi- 
culty with leakage at joints between 
rubber and glass tubing. If the outlet 
end of the rubber tubing is at a higher 
level than the top of the flasks, so that 
there can be no siphoning action, there 
exists no differential head to force in 
air. Finally, it seems improbable that 
rubber stoppers and tubing which have 
been boiled for hours in strong caustic 
solution could release sufficient sulfur 
into the sample to affect the results. 
This seems the more improbable when it 
is considered that the rubber 
fittings are used repeatedly, that 
sampling requires an extended fiushing 
period, and that the samples remain in 
the flasks in contact with the rubber for 
a very brief period before the iodine 
equivalent of the dissolved oxygen is 
fixed by acid. We should be very glad 
to hear of definite data on this point 
since it would be extremely difficult for 
us to avoid the use of rubber in our 
sampling. 

The author comments that the as- 
sembly is awkward to transport. While 
this is true, it is not forbiddingly so, and 
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probably is no more difficult than the 
alternative which he proposes. We 
as recently have completed a dissolved- 
- oxygen survey on a destroyer during 
which the 65 samples were collected 
in the engine room, placed in a padded 
pail, and carried safely up ladders and 
down stairs to the temporary labora- 
tory. No samples were lost en route, 
but one was lost when a careless en- 
gineman kicked over a sampling train 
f which had been set up on the floor 
grating. 

In connection with the author’s sug- 
gested procedure, I offer my unqualified 
; approval of simultaneous sampling. We 
have used tandem sampling, that is, a 


sampling train, and have observed its 


feedwater on Naval vessels, which re- 
sults from the changing conditions 
brought about by the maneuvering of 
the ship. If the oxygen concentration 
is decreasing, the first flask of the train, 
which is the 250-ml. flask, will have a 
lower concentration than the second. 
The result calculated from the differ- 
ence between the two titrations will be 
_ greater than that indicated by either 
: titration, and will be erroneously high. 

The reverse, with erroneously low re- 
sults, will occur when the oxygen 
concentration is increasing. In such 
cases we have been forced to sacrifice 
the advantages of the duplex procedure 
and calculate a “most probable’’ result 
from the average of the two individual 
titrations. It should be noted that 
simultaneous sampling will not elimi- 
_ nate this source of error unless the rate 
of flow to the 250-ml. sample is exactly 

half the flow to the 500-ml. sample. 
_ But even without this added precaution 
the possible error would be minimized. 

The use of immersed sampling bottles 
should be very effective in preventing 
atmospheric contamination of the sam- 


deficiencies. ‘There is a variation in the 


dissolved-oxygen content of the boiler 
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ples. Unfortunately such a system e 
scarcely could be used on shipboard. t 
Unless the sample container were made tl 
with inconveniently high sides, the I 
ship’s motion would induce swashing and 0 
slopping of the contents, which cannot 2 
be tolerated. Sampling waste on ship- C 
board must be confined and conducted c 
directly to the bilges instead of being fi 
permitted to find its own way downward t| 
over magnesia insulation and electrical is 
conductors. Also it would not be feas- b 
ible to carry the Winkler reagents to the cl 
dispersed sampling locations, as would re 
be possible in a shore station. te 

It is suggested that the adjustment of w 
volume of the titrated samples might be w 
simpler if made by measuring the de- m 
sired amount from the sampling bottles Cé 
rather than by an exact adjustment of di 
their individual volumes. This would al 
be particularly so if a number of sample Sa 
bottles were used. The time for pipett- th 
ing a sample from a bottle would be el 
little if any greater than would be re- is 
quired for washing out the bottle. The ch 
volumetric error introduced by failure to th 
titrate the entire sample would be ti 
much less than the inappreciable one G 


from displacement of sample by addi- 


tion of the Winkler reagents. Probably to 
it would be less than 1 per cent. el 

The use of iodate or bi-iodate prob- m 
ably is unnecessary unless the dis- TI 
solved-oxygen concentration is so low mi 
that an occasional zero result is ob- th 
tained, or reducing constituents are iny 
known to be present in the water. We fo 
have had no experience with the latter mi 
condition, but we would appreciate in- ra 
formation concerning the usefulness of of 
iodate in determinations of dissolved rei 
oxygen in sulfite-containing waters. is 

The method of dissolved-oxygen 2.2 
determination which we are using in Sal 
our work on Naval vessels remains es- tra 
sentially as it was described at last ab 
year’s annual meeting of this Society ple 
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except that we now use electrometric 
titration instead of colorimetric titra- 
tion. The following procedure is used. 


The cooled sample is collected in a train - 


of three flasks, the first of which is of 
250-ml. and the other two of 500-ml. 
capacity. Three stoppered-tip pipettes, 
containing the Winkler reagents, are 
fitted through the stoppers of each of 
the first two flasks. The flow of water 
is continued until the entire train has 
been flushed with 15 to 20 complete 
changes of water. The train is then 
removed and Winkler reagents are added 
to the first two flasks on the spot, 
without removing the stoppers or other- 
wise exposing the sample to the at- 
mosphere. The fixed samples are 
carried to the laboratory. Five hun- 
dred milliliters from the second flask 
are titrated, and then a second 500-ml. 
sample made up of 250 ml. each from 
the first and third flasks. Although 
electrometric titration is used, starch 
is added to the titrated samples as a 
check. The result is calculated from 
the difference between the two titra- 
tions in accordance with the Schwartz- 
Gurney procedure B. 

We employ a Beckman pH meter, 
together with calomel and platinum 
electrodes for the measuring instru- 
ment of the electrometric titration. 
The arbitrary pH scale of the instru- 
ment is used with a standard setting of 
the temperature regulator, but the read- 
ings are not calculated to electromotive 
force although such a conversion could be 
made. Preliminary testing of this ar- 
rangement showed that an excellent curve 
of milliliters of thiosulfate versus scale 
reading was obtained. This relationship 
is essentially linear between readings of 
2.25 and 3.25, and in titrations of 
samples having a high oxygen concen- 
tration the linear relationship extends 
above and below these limits. In a 
plot of duplex titrations the linear por- 


tions of the two curves are parallel so 
that the difference is constant. There- 
fore the result calculated from this 
difference is constant. Accordingly we 
have adopted a scale reading of 2.75, 
the mid-point of the linear portion, as 
the standard end point of our electro- 
metric titrations. In each titration it is 
necessary to obtain only two readings: 
one between 2.25 and 2.75, and another 
between 2.75 and 3.25. A linear inter- 
polation between the milliliters required 
at the two points on the titration curve 
is made to determine the amount equiv- 
alent to a scale reading of 2.75. This 
interpolation usually can be made 
mentally. The dissolved-oxygen con- 
centration of the sample is calculated 
from the difference between the inter- 
polated values for the two titrations. 
An analyst can make a determination 
unassisted by the use of a measuring 
pipette instead of the burette for the 
thiosulfate and a motor stirrer in the 
sample being titrated. 

This procedure has been found quite 
satisfactory on shipboard. The stand- 
ard Beckman 5-in. electrodes were 
insufficiently sturdy for shipboard use, 
but this fault is being corrected in special 
electrodes which the manufacturer now 
is making for the Station. 

We shall continue to use and to de- 
velop the basic procedure outlined 
above. We may find it possible to 
adapt Mr. Daugherty’s suggestion of a 
simultaneous sampling to our somewhat 
unusual conditions. I hope that it will 
be possible to make a complete report 
on our method and the results which 


are obtained within the next few 
months. 
Mr. J. D. Yoper’ (by letter).— 


Daugherty concedes the claim of White, 
Leland and Button that Schwartz and 
Gurney’s method A may not correctly 


7 The Permutit Co., New York City. 
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measure all interferences because the 
reagents are added in their reverse order, 
hut he contends that the B method, in 
which the reagents are added in their 
normal order, should be accurate in 
cancelling out the interferences. This 
later conclusion seems questionable be- 
that the 
500-ml. A sample and the 
treated 250-ml. B sample, which is 
subsequently diluted with the untreated 
affected iden- 


Undoubtedly the determination of the 
end point electrometrically as proposed 
by White, Leland and Button is more 


sensitive than the starch indicator, but 


as the starch end-point error is canceled 
out by the double titration, the greater 
complication of the potentiometer does 
not seem warranted. During the past 


few months we have used the potentiom- 


eter method in the field for determin- 


=< 


justify 


ing 


small traces of oxygen in water 
from a deaerating hot lime soda softener 
- but found no advantage from its use to 
its greater complication. ‘The 
Schwartz and Gurney method B, with 
such modifications as proposed by 


Daugherty, seems to be the most ac- 


4 


| “ 


ceptable method that has yet been 
offered. 

Mr. T. H. DaAucuerty® (author's 
closure, by letter).—The discussion by 
Messrs. Schwartz and Gurney may best 
be answered by citing a bit of history. 
The first published account of Messrs. 
Schwartz and Gurney’s work on dis- 
solved oxygen determination? was widely 
read and discussed in the field. It was 
found to be a new approach which gave 
promise of greater accuracy and came 
at a time when accuracy in this test was 
indemand. A number of attempts were 
made to apply the method in the field 


8 Research Chemist, Hall Laboratories, Inc., Pitts 


to the problems for which such accuracy 
was needed, but with indifferent success. 
It was soon found that Messrs. Schwartz 
and Gurney had limited themselves to 
what might be termed an architect’s 
sketch, whereas detailed working draw- 
ings were necessary for successful appli- 
cation in the field. Within the author’s 
knowledge, five individuals, recognized 
in the field, independently arrived at 
four different interpretations of Schwartz 
and Gurney’s method A of cancellation 
of Winkler errors by double titration. 
Comparison of course revealed weak 
points in all four. 

The author and others well appre- 
ciated that here was a diamond in the 
rough, but for its full value to be realized 
it would require interpretation and re- 
duction to practice so that the accuracy 
and advantages claimed for it could be 
attained by the competent operator, in 
whose hands and upon whose samples 
the practical value of any analytical 
procedure must depend. 

The first attempt to meet this field 
need of a practical procedure was the 
author’s discussion on the procedure for 
method B® which was followed by 
Messrs. Schwartz and Gurney’s closure 
to the discussion of their paper in which 
their procedures for methods A and B 
were similarly outlined. This was fol- 
lowed by Mr. Schwartz’s second paper 
on the subject* which was not available 
to the author prior to the presentation 
of his paper, presumably due to a very 
limited circulation. A subsequent ex- 
amination of it reveals a further clarifi- 
cation of the procedure, the presenta- 
tion of sampling apparatus and minor 
changes, such as the external addition 
of 0.01 N potassium bi-iodate instead of 
the original internal addition and specifi- 


9 Discussion by T. H. Daugherty of paper by M. ¢ 
Schwartz and W. b. Gurney, “The Determination oi 
Traces of Dissolved Oxygen by the Winkler Method,” 
Proceedines, Am. Soc. Testing Mats., Vol. 34, Part H, 


p. 819 (1934). 
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cation of 0.1 NV reagent (solution No. 6 
in the first paper’). 
Meanwhile the attempts to apply the 


method in the field had continued and. 


it was observed that difficulties were 
still encountered and that there was 
still a general lack of understanding of 
the theory of the method. As reports 
and personal observations of data and 
difficulties accumulated, and with an 
earnest desire to make the application 
of the Schwartz and Gurney principle 
as successful in use as it was sound in 
theory, the author presented this paper. 
If it produces a clearer understanding of 
the Schwartz and Gurney principle and 
gives a simple, workable procedure, 
the author believes it to be worth while. 

Messrs. Fellows and Reynar have 
made a very thorough study under field 
and laboratory conditions, and present 
as a modification to the author’s adapta- 
tion of the B method an _ ingenious 
sampling arrangement. This should be 
practical, although the author preferred 
to steer clear of special glass apparatus 
because of difficulty of replacement 
when it is broken. A one-gallon metal 
can, copper manifold and standard 
B.O.D. bottles, volume-adjusted with 
glass beads, was the simplest arrange- 
ment that the author could devise that 
would normally be satisfactory. The 
principle of hot-flushing and addition 


of reagents under water still seem suffi- 
ciently desirable to overcome the objec- 
tion to overflow in a plant, and seem 
just as accurate as the proposed change. 

Mr. Adams deserves considerable 
credit for devising apparatus and adapt- 
ing the procedure to use on shipboard. 
The unusual difficulties mentioned were 
not considered by the author, since they 
are not normally met with. 

In addition to the discussion pre- 
sented here, Mr. Lima has called atten- 
tion to two errors in the text of the 
paper which have been corrected in this 
printing. Likewise valuable criticism 
has been received in letters from Messrs. 
Hecht, McDermet, Joos and Theriault 
that does not appear in the discussion. 

In conclusion the author believes 
that a procedure for determining dis- 
solved oxygen has been devised and 
presented which (1) employs the Wink- 
ler principle of fixing and titrating and 
the Schwartz and Gurney principle of 
double titration to cancel errors other- 
wise introduced; (2) is practical for use 
by field operators on field samples; (3) 
is essentially free from the errors inci- 
dent to the regular Winkler method; 
(4) contains a new principle of sampling; 
and (5) is more sensitive and capable of 
greater accuracy than other field meth- 
ods in use. 
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‘ESTS BY MEANS OF INDUCED VIBRATIONS 


“DYNA 


By Rupotr K. BERNHARD! 


SYNOPSIS 


This paper gives a short report of a method of dynamic research in the 
engineering field. Various applications of this method are described. Tests 
have been carried out since 1928, the system being used for various types of 
investigation, from small laboratory specimens to heavy ships. Different 

. materials and all types of construction have been examined and compared by 
fatigue and aging tests. A few of the results, particularly various damping 
and amplifying factors of standard engineering systems are considered. Ad- 

vantages and difficulties of this method are summarized. 

In the method here discussed, vibration is induced by centrifugal forces 
resulting from revolving eccentric disks. As soon as the natural period of 
the structure coincides with the revolution of the disks, the amplitude of 
vibration of the system and the power input to drive the revolving disks 
reaches a maximum. Plotting the power input against the revolutions of 
the disks, characteristic curves can be obtained, which indicate first of all 
the natural frequency of the vibrating system which is to be investigated. 
Any coincidence between natural frequency and dynamic load, such as a 
locomotive with unbalanced masses passing over a bridge with critical speed, 
is to be avoided. Vibrating a structure with this type of oscillator for a long 
period has in many cases a similar effect as an annealing process; internal 
stresses remaining from the rolling process or due to welding are in some 
measure dissipated over the complete structure. A change in the natural 
frequency may indicate some failure or plastic flow; this forms a means 
to check from time to time the behavior of the structure, even after erection. 

The determination of the natural frequency of soil and the propagation 
speed of these induced vibrations can sometimes replace seismic investiga- 
tions or borings. 


INTRODUCTION Static tensile strength and elongation 
tests have been supplemented in recent 
years by corresponding dynamic tests 
(1)? using fatigue, endurance limit, and 
damping ductility (crackless plasticity) 
(2) testing machines. These machines 
(3) are adapted only to the testing of 
standard specimens, and so are limited 


Striking a piece of earthen ware and 
listening for the resulting tone to die out 
is the most ancient dynamic impact 
investigation by means of free vibration. 
This method has been used for centuries 
to discover whether any cracks exist. 
In the practical field of the engineer, 


. The boldface numbers in parentheses refer to the re- 
Lae neeiities Engineer, Baldwin-Southwark Corp., ports and papers given in the list of references appended 
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in scope. Tests on actual structure, 
however, will result in a more complete 
analysis of existing conditions. Fur- 


thermore, failures usually occur in the. 


connections of different members, often 
due to secondary stress effects, and rarely 
do failures occur because of defects in 
the member itself. The usual tests will 
give no indications in regard to such 
failures. Fatigue and damping tests of 
large members, including their connec- 
tions, are expensive, if not altogether 
impossible. The dynamic method, de- 
scribed in this paper, using artificial 
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Fic. 1.—Exciting Artificial Vibration. 
(a) Position of the two rotating masses during one 
revolution. 
(6) Corresponding centrifugal forces alternating in a 
sine form. 
Cases 1 and 3: horizontal forces neutralized. 


vibrations produced by means of special 
oscillators, permits of tests to be made on 
structures of different size from a small 
specimen to a large actual structure. 
This method has been used for several 
years with increasing success in various 
countries, by the U. S. Coast and Geode- 
tic Survey (4), and the U. S. Navy, ina 
number of different laboratories for test- 
ing materials (5) (Berlin, Dresden, Zuer- 
ich), by railroad companies in inspecting 
bridges (6), rolling stock, maintenance 
of way, etc. (Germany, Switzerland, 
Italy and Russia), in the aviation field 
(7) (Deutsche Versuchsanstalt fiir Luft- 
schiffahrt, Berlin), and for soil inves- 
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tigations (8) (Degebo-Seismos-Berlin). 
Since only a small amount of energy is 
used, the method is economical; instead 
of forced vibrations, free vibrations, 
more or less near the resonance point, 
may be applied. Certain dynamic prop- 
erties, not only of materials as such but 
of complete structures, new or old, fin- 
ished or unfinished, including outside 
connections, can be determined in many 
cases. The fundamental principle is 
simple. The testing machine, the oscil- 


Driving Motor-> D Wattmeter 
2 


Oscillator --~ Tachometer 
Test Specimen | 


Deflectometer 


gq 


Schematic Diagrain of Standard 7 
Oscillator Test. 
(a) Bending test. 
(b) and (c) Torsion test. 


In (6) the two masses have a difference in phase of 180 
deg. 


A 


Fic. 2. 


lator itself, is relatively foolproof, so 
that an unskilled workman can handle 
it. External conditions, such as rain 
and moisture, have practically no in- 
fluence and tests can be made in the 
field almost as successfully as in the 
laboratory. Tests can be readily re- 
peated which can seldom be done with 
moving live loads. 


OSCILLATORS 


Oscillators have been built for fre- 
quencies between 1 and 100 cycles per 


— 

| 


636 
second and with centrifugal forces be- 
tween 1 and 50,000 Ib. Assuming an 
amplifying factor of 40 (bridge struc- 
ture), the largest alternating force of a 
heavy oscillator may become 40 X 
50,000 or 2,000,000 Ib. Each oscillator 


consists of two revolving disks (Fig. 1), 
an electric motor to drive these disks and 
two measuring instruments, one to meas- 
ure the frequency of the disks and the 
other to measure the power input (watts) 
of the motor. 


For more accurate re- 


Resonance 
Ef 
Power- 
Curve 
| 
Curve 
| | 
Frequency, cycles per second 
Fic. 3.—Power-Frequency Curve. Manner of 


plotting test data. 
Dy namic qualities: 
. Resonance period = ny 
ny — 
2. Damping angle = tan g = Hid 


= = cotan g 


no 
3. Logarithmic decrement = 6 = m-tan » 
4. Dynamic amplifying factor = F 


Line A-B through the middle of E-F is parallel to 
"-D and determines n, and nz. 


‘sults a special motor-generator set 
(Ward-Leonhardt System), giving a 
closer regulation of the frequency, is 
desirable. To change the frequency, 
the resistance in the field circuits of the 
-motor-generator set are varied, thus giv- 
g a gradual and exact regulation of 
the voltage of the oscillator motor. ‘To 
change the centrifugal forces, the ec- 
centricity of the revolving masses is 
suitably adjusted. In speeding up the 
motor, the centrifugal force, Z, increases 
directly as the square of the cycles: 
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where M = mass, 
r = eccentricity, © 
w = angular velocity. 
For torsion tests, the eccentricity of 
the two masses can be changed so that 
they have a difference in phase of 180 


deg. (See Fig. 2(0).) 


The standard test procedure is as 
follows: The oscillator is rigidly fixed to 
the vibrating system (Fig. 2). The 


Test PROCEDURE?’ 
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Fic. 4.—Amplitude-Frequency Curve (5). 


Upward and downward branches of curve (a) are differ 
ent. Straight vertical lines (A-B and C-D) indicate the 


characteristic “tilting” effect. 


n = forced frequency. 

m, = natural frequency. 
frequency is slowly raised, starting with 
a low value. For each frequency the 
corresponding power (electrical input) 
has to be plotted in order to get the fre- 
quency-power curve (Fig. 3). Instead 
of the input, the corresponding deflec- 
tions, stresses, speeds, accelerations or 
phases may be measured. After having 
gone through the resonance points (one 
or even more) for a certain number of 
frequencies, the same curve can be 
plotted in the reverse direction by slow- 
ing down the speed of the oscillator, 
thus checking the first curve. If the 

3 For theoretical principles‘of testing see Appendix, p. 643 
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two curves do not coincide, it may be 
due to non-harmonic vibration. Non- 
harmonic vibrations are caused, when, 
with varying amplitudes, the dynamic . 
qualities, that is, the elastic capacity, 
the damping values, or the oscillating 
masses are changing likewise. Figure 4 
shows the upward and downward am- 
plitude-frequency curve of such non- 
harmonic movements, demonstrating by 
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PRACTICAL APPLICATION AND RESULTS 
General Tests: 

The nearer the resonance point of the 
oscillating system at which the tests 
are carried out, the smaller the required 
energy input and the more economical 
the investigation will be. A large en- 
gineering structure can be tested with 
this resonance method, even after erec- 
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the two vertical straight lines (A—B up- 
ward curve and C-D downward curve) 
within each branch the characteristic 
“tilting” effect of unstable equilibrium. 
From the author’s point of view, this 
may be considered as a rather conven- 
ient way to prove the existence of non- 
harmonic mechanical vibrations, which 
cannot be so easily detected by other 
methods. Further details regarding 
this phenomenon are described else- 
where (5). 


Dynamic Survey by Means of Power-Frequency Curves. 
| 


1O ycles per Second 


tion in the field. All tests with com- 
pleted structures have the advantage 
that not only the internal damping in- 
fluence of the material, but also the 
other conditions (connection, founda- 
tions, soil, etc.) can be studied—con- 
ditions which are always important in 
practice. The value of all these in- 
vestigations may be considered, there- 
fore, in the actual imitation of service 


conditions. 
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lic. 6.—Time or Aging Effect. Natural frequency-time curve. be 


(a) Failure of heavy springs. 


(b) Failure of riveted connection. 


Fic. 7.—Result of Oscillator Fatigue Tests. 
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Fatigue Tests: 


The fatigue effect ( (retrogression) of 
an oscillating system (old bridge) can 
be determined by plotting the power- ° 
frequency curves periodically (annually) 
Fig. 5. The natural frequency rises 
generally in the first few years after 
erection, for instance (the so-called pe- 
riod of adjustment) and falls in the later 
years preceding failure (Fig. 6). The 
following tentative explanation might 
be given for this phenomenon. During 
the adjustment (or “‘training’’) period, 
the system becomes more and more 
rigid, the connections settle and stiffen, 
and the safety of the structure increases. 
Later this effect ceases, the connections 


soften, and, as soon as any weak spot — 


Wattmeter Tachometer 
Rheostat «Oscillator 
Detlectomere. 
Specimen 
Generator Spring 
Fic. 8.—Oscillator Arrangement of Equipment 
for Direct Stress Test. 
develops—this may be only a minute 
crack, invisible under the microscope 


or a localized plastic flow—the resonance 
point drops (5). This dropping may be 
at first only 1/100 of a cycle per sec. 
It has been possible in several cases to 
determine by this method the approach 
of the danger point of certain oscillat- 
ing systems, which had been worn out 
and had to be renewed. This is of im- 
portance for example in the case of old 
bridges, where a decision must be made 
as to whether to strengthen or to renew 
the structure entirely, assuming that 
neither the supports nor the foundations 
are causing this change in the natural 
frequency. In several cases, where a 
change of the resonance point has been 
caused by alterations in the foundations, 


this has been detected by determining 


changes in the vibrating mass of the 
complete structure—its foundations in- 
cluded (5). 


Annealing Steel by Means of Vibration: _ 


Vibration of a completed structure 
produces a certain stress relief, similar 
to annealing by causing localized plastic 
distortions to take place (6). Internal 
or concentrated stresses such as those 
remaining in the welded connections of 
a structure due to heat or in structural 
shapes of steel or aluminum due to roll- 
ing, have thus been relieved by vibra- 
tion. Vibrating a structure for a fixed 


> 


Riveted Welded 


Rolled 
Steel or Alloy 


Fic. 9.—Simultaneous Comparison Tests or 
Various Structures. 


time may be substituted, therefore, in 
some measure for an expensive anneal- 
ing process. Quite a number of welded 
railroad bridges in Germany have thus 
been stress relieved. 


Laboratory Tests: 


In laboratory fatigue tests on small 
specimens (such as bars, rods, axles, 
crackshafts, springs, Fig. 7 (a), or riv- 
eted, Fig. 7 (b), and welded joints), a 
cantilever arrangement (Fig. 8) or a 
simple truss or girder (Fig. 2) has been 
used. The desired initial load is ap- 
plied by means of a special loading plat- 
form, simulating the dead load. These 
systems have been in use for several 
years in material testing laboratories in 


| 


Oscillator 
] 
in 
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Europe (5). With standard stress (or 
deflection) measuring instruments at- 
tached to the test specimen, the exciting 

- forces of the oscillator can be controlled. 


Model Tests: 


In special cases the structural value 
of girders, riveted or welded, of various 
steels or alloys (Fig. 9) or of concrete 
can be compared simultaneously with 
one oscillator (5). Plotting frequency 
curves during the endurance test, cer- 
tain changes in the dynamic properties 


oscillators, higher capacity and higher 
speeds can be obtained. 


Field Tests: 


Buildings.—Horizontal, vertical or 
torsional natural frequencies of ceilings, 
walls, towers, and foundations (Fig. 11) 
have been determined by field tests be- 
fore or after the building is completed. 
Vibrations produced in a building by the 
machinery to be installed may become 
dangerous. Predetermination of this 
by experiments in the early stares of 


of different materials or structures can 
be followed. Temperature measure- 
ments with thermocouples distributed 
~ over the test girders will indicate a weak 
spot where the first fracture or plastic 
flow will occur. Failure in any of the 
test girders makes evident the weakest 
structure or the weakest point which 
has to be improved or strengthened. 
For a considerable time the need has 
been felt for machines capable of testing 
large size specimens in fatigue, particu- 
larly of such materials as concrete. The 
dynamic test presented in this paper 
meets this need and with relatively small 


10.—Oscillator on Railroad Bridge. 


construction may save later expense, 
since small adjustment of masses, span 
length, deflection, or machine speed, 
made after study of oscillator test data, 
will help to avoid later difficulties. 
Bridges.—The complex questions in- 
volved in impact stresses in bridges can 
be studied without using the usual live 
loads (6). It is sometimes difficult to 
use steam locomotives, which become 
all the more unsatisfactory due to their 
changing. axle loads, caused by water 
and coal losses during the tests. To 
simulate the centrifugal forces of un- 
balanced steam locomotive driver axles, 
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the oscillator has been placed on a plat- 
form car and pushed with a certain speed 
over the bridge. Damping capacities 
of various old and new highway and 


railroad structures have been determined 


by this method (5). The author de- 
veloped nomographic charts for the de- 
termination of dynamic stress to be ex- 
pected in railway bridges, due to steam 
locomotives (9). 

Vertical, horizontal or torsional vi- 
bration has been applied to bridges by 
the arrangement shown in Fig. 10. In 
nearly all cases the connections will fail. 
This might be considered as another way 
to observe the effect of secondary 
stresses caused by the more or less stiff 
connections of the different members 
under reversal of loads. 

Vehicles.—All sorts of vehicles have 
been studied in some measure. The 
damping qualities of a single spring or 
the entire spring suspension system of 
locomotives, passenger or freight cars 
or automobiles (Fig. 12) have been in- 
vestigated for vertical, horizontal or 
torsional vibrations. Any sympathetic 
vibration between parts carried by the 
springs and the supporting structure (for 
example a bridge) has to be avoided as 
much as possible. 

Aviation.—In the aviation field, the 
free vibration of a single propeller blade 
or crankshaft, as well as the dynamic 
behavior on the whole body (Fig. 13) 
has been investigated (7). One of the 
first failures of the ‘Zepplins’” was 
caused by resonant vibration of the 
crankshaft of the engines. 

Ships.—The following types of in- 
vestigation are of definite significance to 
the Navy: Reproducing vibrations of 
the engines, the forced and natural vi- 
brations of the complete hull, or of indi- 
vidual decks. Wherever resonant 
oscillations are found, structural changes 
can be made before the ship is com- 
pleted. The damping effect of the water 
on a floating vessel (S. S. Bremen) has 
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been measured; a specially constructed 
oscillator produced centrifugal forces up 
to 50,000 Ib. at very low periods (2 revo- 
lutions per second). 

Soil Investigation.—One of the newest 
developments in microseismic investi- 


Oscillator 
foundations, 
Insulation 


Fic. 11.—-Oscillator in Buildings 
Foundations. 
Springs 
Pavement 
Tires 
a 
|Z Riding Condttions + 
Oscillator 
Track Speed 
Fic. 12.— Oscillator in Vehicles. 


Oscillator 


Hull 


gations is the dynamic soil tests (8, 1). 
The propagation of waves in the elastic 
soil in different strata give rise to par- 
ticularly interesting geophysical phe- 
nomena such as diffraction, absorption, 
reflection, interference or superimposing 
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_ effects, the discussion of which, however, 
falls without the scope of this paper. 
The propagation or phase speed of the 
mechanical waves in the subsoil depends 
to a certain amount upon its rigidity and 
hence its bearing power. A discontinu- 
_ ity in the rate of propagation indicates 
often an inclusion or interruption in the 
subsurface. In measuring the phase 
speed and vibration amplitudes, due to 
artificial oscillations, continuous dia- 
grams of different strata, as well as of 
the bearing capacity of the subsoil have 
been drawn. For certain soils, slow 
= frequently have been found in 
earth fills (loose strata of less rigidity) 
_and higher speeds in earth cuts (dense 
strata of greater rigidity). Such oscil- 
lator tests may take the place of borings. 
Borings at times are unreliable due to 
their arbitrary location. With arti- 
ficial vibrations continuous cross-sec- 
tions of undisturbed soil covering a com- 
plete area have been determined (8). 


SUMMARY 


The following table is an attempt to 
summarize some average values of dy- 
namic properties for numerous vibrating 
systems investigated by the oscillator 
method (5): 


| 
s2 | 
ES 
Bridges, engine parts, 
ceilings, walls, towers, | 
ship decks, masts, air- 
planes and airship 
0.1 | 0.31) 7.3 | 10 
Foundation, ballast, | 
buildings, springs of | 
vehicles, street sur- | 
Pr | 11.3} 0.2 | 0.62) 3.7 | 5 
Ships, certain soils, etc. . 21.8, 0.4 | 1.25) 1.8 2.5 


Advantages: 


The advantages of the method are 

briefly: 
1. An oscillator is less expensive than 
standard fatigue testing machine of 


BERNHARD ON Dynamic TESTS 


equal capacity. Oscillators are easily 
operated both in the laboratory and in 
the field, and are independent of tem- 
perature, weather or other external 
conditions. 

2. Many vibrating engineering sys- 
tems, large or small can be tested with 
alternating centrifugal forces, which are 
independent of the force of gravity and 
therefore may be used in any direction. 

3. Frequencies and centrifugal forces 
of the oscillators can be adjusted over a 
wide range (1 to 100 periods per sec. 
and 1 to 2,000,000 Ib.) and can be made 
to simulate quite closely service con- 
ditions. 

4. Dynamic loads can be combined 
with static loads, and fatigue and aging 
may be continued up to destruction of 
the complete system. 

5. Comparisons between different ma- 
terials and different constructions can 
be made simultaneously, making evi- 
dent the better stricture without fur- 
ther calculations. 

6. The bearing capacity of soil strata 
may be determined in certain cases with- 


out resorting to borings. 1 
Difficulties: 


On the other hand, until greater ex- 
perience has been had with oscillator 
tests success in all cases cannot be as- 
sured in advance. In certain cases, 
routine tests with standard testing ma- 
chines will need to be made to check and 
supplement the oscillator tests. 

When testing a vibrating system in the 
field, it may sometimes be difficult to 
avoid energy losses through radiation. 

For very accurate tests a motor- 
generator set is required to control more 
closely the rotating speed of the revolv- 
ing masses. 


Acknowledgment.—The author wishes 
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THEORETICAL PRINCIPLES OF TESTING BY USE or OSCIL 


The theory of the use of oscillators is covered 
quite thoroughly in the literature, as indicated 
in the bibliography.‘ Nearly every system in 


the engineering field is capable of vibrating, and 
may be set in motion by alternating forces of a 
sine form. Such alternating forces of a sine 
form can be readily produced by two revolving 
masses, eccentrically supported, and moving 
The two hori- 


in opposite directions (Fig. 1). 


Amplitude (A) 


Speed (V) 


Acceleration (a) 


Fic. 14.—Correlation Between Time-Amplitude 
Time-Speed, and Time-Acceleration for 
One Period (5). 


Acceleration 
Amplitude (A) 90° (a= w2A) 


Fic. 15.—Vector Diagram (5). a 


zontal forces are neutralized automatically. 
The two remaining vertical forces have a sine 
form with an amplitude dependent on the 
eccentricity and a frequency equal to speed of 
rotation of the two masses. The correlation 
between amplitude A, speed V, acceleration a 
and time ¢ is shown in Fig. 14, and can be ex- 
plained in a simple way by one vector diagram 
(Fig. 15), the vector diagram demonstrating 
the difference in phase of 180 deg. between 
amplitude A, and acceleration (a) or the differ- 
ence in phase of 90 deg. between amplitude and 
speed (wA). The vibrating of a simple spring- 


* See p. 644. 


LATORS 
supported mass by such an artificial force from 
low to higher frequencies will cause the ampli- 
tude of any oscillating system to increase up to 
the so-called resonance point and to diminish 
after the resonance peak is passed. In Fig. 16(a) 
the abscissa may represent the frequency of 
the impressed forces (m) or the cycles per second 
of the whole vibrating system; the ordinates 
represent the power (watts) necessary for re- 


Power, watts 


05 10 
No 


(a) Power-frequency curve for forces, increasing with 
the square of the cycles (5). 


cp =180° 
” 
oO 
a 
0 05 1.0 15 20 
No 


(b) Phase-frequency curve (5). 
‘Fic. 16.—Correlation Between Power and 


volving the two masses. The three curves 
shown are for varying damping capacities; the 
centrifugal forces rise as the square of the rota- 
tional speed of the eccentric masses. In Fig. 
16(b), three different phase curves of the cor- 
responding system are shown. In most cases 
these fundamental curves determine with suf- 
ficient accuracy certain dynamic properties of 
any vibrating system. By changing the rela- 
tive position of the two revolving masses of the 


Phase Angle and the Ratio . = 


periods of the exciting force 
natural frequency 
for Three Different Damping Angles. 
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oscillator, and by giving the two eccentric sup- 
ports a difference in phase of 180 deg., the same 
tests can be carried out for torsional vibrations 
(Fig. 2(b)). 


For normal tests, power-frequency curves 


are plotted (Fig. 3). The most important 
formulas for computing these curves are given 


below. 


Characterislic Frequency: 

1. For small damping values (most structural 
systems) the peak of the power-frequency curve 
gives the resonance frequency n, with sufficient 
accuracy (Fig. 3). 

2. Phase measurements are independent of 
the amplitude and are more accurate. The fre- 
quency (multiplied by 2x) for which the phase 
between the exciting force of the oscillator and 
the amplitude of the forced vibration system is 
90 deg., also gives the resonance n,. 


Damping Values: 


1. For small damping values, any line, 
AB, parallel to the no-load curve, CD, 
through the middle of the greatest amplitude 
FE cuts the power frequency curve at the fre- 
quencies m, and m (Fig. 3). 
‘ 
The damping angle is: tang = ° 

No 
decrement (5) is: 
Ne— ny 


and the logarithmic 


6 


No 
where 6 is a dimensionless unit. 
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Mr. H. F. Moore.'—In this paper 
Mr. Bernhard has given a discussion 
of a mechanism for conducting repeated- 
stress tests which can be used both for 
testing specimens of metal, and for 
testing full-size structural parts, or even 
some full-size structures. This method 

the use of the reversing action of a 
rotating unbalanced weight—has been 
used in former years, especially in Eng- 
land by Strohmeyer and J. H. Smith, 
and in this country by McAdam. How- 
ever, Mr. Bernhard’s paper suggests a 
much wider field for its use. 

I should like to comment on the use 
of rise of temperature as an indication 
of approaching fatigue fracture. Tests 
in a number of laboratories have cast 
doubt on the reliability of this method. 
In the Illinois laboratory some speci- 
mens under reversed stress have heated 
up appreciably, and, without stopping 
the test or removing the load, the speci- 
mens have then cooled off and run for 
100 million cycles without fracture. 
This action was unusual but occurred 
often enough to cause doubt as to the 
reliability of the rise of temperature 
test for determining endurance limit. 

Mr. L. B. TuckerRMAN.?—The type 
of test for which Mr. Bernhard has 
developed this vibrator is one which will 
be used to an increasing extent in the 
study of structures. The apparatus 
which Mr. Bernhard has developed is 
one of the most useful forms for many 
purposes, and I do not want to give 


' Research Professor of Engineering Materials, Uni 
versity of Hlinois, Urbana, Hl. 

2 Assistant Chief, Division of Mechanics and Sound, 
National Bureau of Standards, Washington, D. C. 


DISCUSSION 


the impression that it will not prove 
very useful. However, I feel that Mr. 
Bernhard, like many enthusiasts, has 
somewhat slighted the difficulties of the 
problem and has rather overemphasized 
the advantages. Many of the state- 
ments he makes need some qualification. 
For example, he makes the statement 
that vibration tests on actual structures 
will result in a more complete analysis 
of the existing conditions, than can be 
obtained from tests in the laboratory. 
That is certainly true, but I doubt 
whether they will result in a more com- 
plete analysis unless we already have 
the results of tests on standard specimens 
in the laboratory, with which to compare 
them. 

He says that the fundamental prin- 
ciple is simple. The fundamental prin- 
ciple is simple, but when you start 
to work out some of the equations you 
will realize that they are not quite so 
simple as the fundamental principles. 
He mentions only very briefly the fact 
that you may not have harmonic vibra- 
tions, and illustrates only one of the 
effects on the resonance curves, although 
vibrations which are not harmonic are 
far more common in structures than 
harmonic vibrations. First of all, the 
restoring forces in actual structures 
rarely are in proportion to the displace- 
ment; second, the dissipative forces are 
largely due to solid friction so that the 
damping is not proportional to the veloc- 
ity. Consequently the very simple 
theory which he gives here is only a 
first approximation of what occurs in 
actual structures. It is ample for many 
rough approximations but if accurate 
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DISCUSSION ON 


details are desired, one will find that 
that simple theory will not give the re- 
sults you desire. 

For instance, on this simple theory 
the vibiations of the structure will 
always have the frequency of the im- 
pressed forces, yet in a structure which 
I studied recently, we found that im- 
pulses with a frequency of 3200 per 
min. set up very strong and dangerous 
vibrations at a frequency of 1600 per 
min., and those in turn, set up very 
strong and dangerous vibrations at a 
frequency of 800 per min. That was a 
structure in which the restoring forces 
were not proportional to the displace- 
ment. 

Curves such as he shows in Fig. 4 
of the paper, in which the end of the 
resonance curve is tipped over on one 
side, are not so infrequent. They are 
characteristic of the familiar “hang-on”’ 
phenomena of structural vibrations. 
Vibrations once set up frequently refuse 
to stop even when the frequency is 
changed over a wide range. The im- 
portance of this paper warrants careful 
reading. 

Mr. W. P. Roop.’—My thoughts are 
very similar to Mr. ‘Tuckerman’s, 
namely, that this is a type of test which 
is bound to be used increasingly. In 
addition to the points that he has 
mentioned, power absorption is some- 
thing which has to be considered. We 
must watch the power leaks. These 
may occur at the most unexpected 
places. For example, one of the first 
things discovered when the attempt was 
made to induce vibrations on a ship in 
the water was that the main effect was 
the churning up of the water. That 
same aspect of power leaking off into 
unexpected directions may also prove 
very embarrassing on shore—when you 
find the pickle jars dropping off the shelf 
in the adjoining residence. 


3 Lieutenant-Commander, U. S. N., Material Labora- 
tory, Navy Yard, New York City. 
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Mr. L. J. LArson.4—I should like to 
ask several questions. Do you propose 
to use this method to stress-relieve both 
welded and riveted structures? If the 
stresses in the structure are relieved 
by the application of loads which cause 
stresses, why will not the loads applied 
in service relieve the stresses in the same 
manner? What advantage is gained by 
subjecting the structure to a vibratory 
loading instead of service loads? From 
the curves shown, it appeared that up 
to a certain point the structure was 
improved by the vibratory loading, and 
after that the structure was damaged. 
Can the test be used to indicate when 
the structure begins to deteriorate, and 
is it proposed to test the structure peri- 
odically to determine when deteriora- 
tion begins? What assurance is there 
that the test does not decrease the effec- 
tive life of the structure? 

Mr. ‘TUCKERMAN.—May I make one 
other comment? A rise in frequency of 
a structure does not necessarily mean 
that the structure is settling down and 
improving; nor does a lowering in fre- 
quency necessarily imply a weakening of 
the structure. 

I have known of cases in which a rise 
in frequency was an indication of fail- 
ure. In these cases, the vibrations 
finally loosened and detached some of 
the masses in the system which were 
previously being forced to move. With 
less mass in the vibrating system, the 
frequency was increased rather than 
lowered as failure began. 

It is true that more usually lowering 
of frequency precedes failure because 
failure usually occurs where the elastic 
restraining forces act most strongly, 
but this is not necessarily so. Either 
a rise or a fall of frequency may be 
an indication of incipient failure. 


4 Director of Welding Research, A. O. Smith Corp., 
Milwaukee, Wis. 
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Mr. Rupoir K. BERNHARD’ (author’s 
closure).—I want to thank the several 
discussers for their comments. The 
method of investigating specimens and 
structures by means of “induced vibra- 
tion” is relatively new, and there is no 
doubt that there is still ample room for 
improving and supplementing this type 
of investigation. 

In full agreement with H. F. Moore, 
referring to temperature increase, no 
attempt has yet been made to shorten 
the time required for determining the 
endurance limit on single small speci- 
mens. However,the increase in tempera- 
ture when used as a means to indicate 
structural failures has been successfully 
applied in the case of complete riveted 
structures. The friction between vari- 
ous gusset plates causes, after a certain 
amount of vibration, as soon as the rivets 
start to loosen, a substantial rise in 
temperature—in certain cases more than 
50 deg. Cent. above the temperature 
of the surrounding air. Such a temper- 
ature rise indicates the weakest spot in 
the structure several hours before the 
actual failure becomes visible, for ex- 
ample as a minute crack starting from 
a rivet hole and proceeding through the 
gusset plate. 

An elaborate development of the exact 
theory, to which Mr. Tuckerman refers, 
could not be included in the compass 
of ashort paper. The book on ‘‘Mechan- 
ical Vibration of Bridges,” by E. Ho- 
mann and the author, to which reference 
is made in the bibliography, gives a 
detailed development of the theory. 
The analysis of results is sometimes 
rather complex as indicated by Mr. 
Tuckerman. The following example is 
cited as a further illustration. Vibrat- 
ing a steel truss in a vertical plane with 
an oscillator, three main typical fre- 


5 Consulting Engineer, Baldwin Southwark Corp., Phila- 


delphia, Pa. 
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quencies might be excited: (1) The 
natural vertical frequency of a complete 
girder of medium span, the fundamental 
tone, between 3 and 20 cycles per sec.; 
(2) the natural bending frequency of 
single members, chords, diagonals, etc., 
between 10 and 100 cycles per sec.; and 
(3) the natural torsional frequency of 
the free edge of an angle within the 
cross-section of a member between 50 
and 300 cycles per sec. Keeping this 
in mind, the analysis can be substan- 
tially simplified. The results thus ob- 
tained have indicated that the assump- 
tion of a damping proportional to the 
speed is in most cases accurate enough 
for practical purposes. However the 
limitation in the application of the 
method, cited at the end of the paper, 
must be emphasized, namely, that the 
theory of resonance curves is only accu- 
rate enough for small damping values. 
Furthermore, it is true that a decrease 
in natural frequency may not always 
indicate a failure in the structure. Any 
failure in the foundations, especially in 
case the amount of vibrating soil adja- 
cent to the foundation decreases, may 
cause an increase in frequency. Investi- 
gation of this type led to the discovery of 
undermined pillars caused by under- 
water currents. 

Mr. Roop refers to a limitation of the 
method due to energy losses through the 
foundations. This of course might cause 
serious trouble in investigations of 
complete ships. However, in the struc- 
tural field such energy losses through the 
foundations can in most cases be avoided 
by proper insulation. Furthermore, as 
in the case of the foundation cited above, 
this change in energy leakage has been 
used successfully to discover a serious 
failure in the foundation. 

The four questions raised by Mr. 
Larson may be answered as follows: 

1. The stress-relieving effect has been 
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used on welded structures to get a more 
even distribution of peak stresses re- 
sulting from heat developed during the 
welding process. 


2. By watching carefully any change : 


in dynamic qualities (natural frequency, 
damping, amplification factor, etc.), i.e. 
plotting resonance curves, this stress- 
relieving effect can be followed, which 
cannot be done with service loads. 

3. A decrease in natural frequency 
determined by periodic measurements of 
the dynamic qualities, both on welded 
and riveted structures, will indicate, 
with the exception of the above-men- 
tioned case of change in energy leakage 
through the foundation, that the transi- 
tion point, as shown in Fig. 6, has been 
passed. Hence, this will reveal that the 
retrogression period has started and rein- 
forcement or complete renewal of the 
structure is required. A further change 
in the dynamic qualities will again 
indicate if the reinforcement has been 
effective, in most cases by a raised 
rigidity, hence, increase in natural 
frequency. 
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4. Investigations on actual structures 
should be made by all means so as 
not to decrease the full effective life 
of the building. During the investiga- 
tions the excited amplitudes can always 
be kept very small, more than one-tenth 
of the amplitude which would induce 
the maximum allowable stresses. Hence, 
only a negligible part of the adjustment 
period (see Fig. 6) is used. 

The author would like to see further 
investigations carried out by this method 
of “induced vibration,” or other meth- 
ods in order to gain more complete data 
on the special questions which have been 
raised by the discussers, some of which 
certainly need much more detailed 
studies. I believe that this method of 
“induced vibration” opens a field to the 
practical engineer to approach the 
difficult dynamic questions in a rather 
simple way. Practical tests of this 
type in cooperation with other methods 
and advanced theory will help to 
throw more light on the somewhat neg- 
lected “‘dynamic”’ study of our engineer 
ing structures and materials. 
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IMPROVEMENT IN THE ADAPTABILITY OF THE TUCKERMAN- | 
STRAIN GAGE 


SYNOPSIS 


The principle of the cube corner reflec- 
tion in an optical lever strain gage was 
discussed by Tuckerman in 1923.2 The 
autocollimating feature together with the 
freedom from parallax effect has made 
the instruments admirably suited to 
applications beyond the scope of mechan- 
ical strain gages. 

A number of improvements have been 
made in the construction of the instru- 
ments over the design originally de- 
scribed so that the present commercial 
instruments as shown in Figs. 1 and 2 are 
trustworthy to the highest degree. A 
notable improvement consists in embed- 
ding the roof angle prism in a metal 
cage with only the two aperture faces 
exposed. This makes a very solid 
mounting which will withstand con- 
siderable mechanical abuse without im- 
pairing the optical alignment. Notable 
also is the self-aligning spring support for 
the lozenge. The lozenge is now made 


1 Research inte The Ohio Brass Co., Mansfield, 


2L. B. , Tuckerman, “Optical Strain Gages and Exten- 
someters,” Proceedings, Am. Soc. Testing Mats., Vol. 23, 
Part II, p. 602 (1923). 
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Transfer mechanisms have been developed as described in this paper, for 
the purpose of improving the adaptability of the Tuckerman optical strain 
gage. ‘These consist of a special construction of parallel flexure plates which 
transmit the movement from the specimens to the gage body. Some com- 
mercial applications of the system are given, and a broader use of similar flex- 
ure plate transfers to other types of strain gages is shown. The broadening 
of the adaptability of strain gages to general displacement measurements 
widens their scope of usefulness in the testing laboratory. 


from optically polished stellite constitut- 
ing the third reflecting face instead of the 
separate right-angle prism mounted on 
a steel lozenge formerly used. 

The preferred commercial size for 
these gage bodies is 1-in. gage length, 
larger effective gage lengths being ob- 
tained with extension fingers. The 
Tuckerman gages at present commer- 
cially available can be depended upon 
for readings of 0.000005 in. 

For measurements on flat or slightly 
curved faces the lozenge contacting with 
the specimen is adequate. In cases of 
inaccessibility or in case of obstructions 
between the gage marks these instru- 
ments have not been applicable. 

The system originated by Tuckerman 
can be greatly extended by transfer 
mechanisms without the construction of 
special instruments for each individual 
application. This has the advantage 
that a large variety of measurements can 
be made with relatively little expenditure 
beyond the acquisition of a standard 
gage, obviating the necessity of make- 


By 
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shift setups which would impair the reli- 
ability of the test. 


Fic. 1.—Tuckerman Auto-Collimator. 


These transfer mechanisms consist 
essentially of a set of parallel flexure 


plates, which transmit the movement 
from the gage points rigidly and without 
distortion to the Martens lozenge. For ‘ 
the sake of ridigity and unaltered trans- 
position ratio, and above all for sim- 
plicity of manufacture, these transfer 
devices were machined from a single 
piece of material. 

Since the transformation ratio is unaf- 
fected by the thermal expansion of the 
material, the transfer mechanisms do not 
affect the temperature characteristic of 
the optics. Steel, invar and duralu- 


Fic. 2.—Tuckerman Strain Gage. 
minum have been used at various times 
for the manufacture of the instruments, 
the choice depending solely on weight 
and corrosion requirements. 


Construction: 


The design in its most useful form is 
given in Fig. 3. It comprizes two angu- 
lar rigid frames a and 6 connected by 
two parallel rigid spacers c and d of 
equal length connected to the frames by 
delicate flexing sections as shown. The 
standard commercial gage body of the 
Tuckerman gage f is shown in position. 
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The engagement points are reversible to 
change the gage length from 1 in. to 2 in. 

To make the unit adaptable to the 
various types of measurements which 
come up in a laboratory, it is necessary 
to attach various kinds of engagement 


points. Several examples are shown in 
Fig. 4, in which A represents engagement 
points for the measurement of internal 
distances, such as hole distortions; B is 
intended for height measurements or 
movement of a point normal to a plane; 
and C shows an extension comprising 


. 3.—Transfer Mechanism. 


Fic. 4.—Showing Various Engagement Points. 4 
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a tube and feeler rod to reach inaccessible 
places. The design A was used in the 
test shown in Fig. 5 and designs B and 
C in the test shown in Fig.6. The tubu- 
lar extension of C was in this latter case 


insulator in order to measure displace- 
ments between the pin and the porcelain 
dielectric in the interior of the insulator. 

Engagement Pressure-—Due to the 
inherent restraining action of the flexure 
plates a larger contact pressure is neces- 
sary than is required with the standard 


fitted through the suspension pin of the 
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pension Insulator 
nt and Stresses in the Hardware. 


Fic. 6.—Measurements on a Typical High-Tension Sus 


.—Measurement of the Hole Distortion 


in the Head of a Rail Due to Car-Wheel 
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‘Tuckerman gage. While 20-g. contact 
— is generally sufficient for the 
latter, the addition of the flexure-plate 
ee requires about 150-g. pressure. 
With this increase in contact pressure, 
it is obvious that the mode of attach- 
‘ment is more critical. For this reason 
a crossbar e has been flexibly attached 
between the rigid spacers as shown in 
Fig. 3 and the supports for the gage are 
attached thereto. The location of this 
crossbar keeps the suspension invariably 
at midpoint between the engagement 
points irrespective of the gage length 
extension. By this arrangement engage- 
ment pressures within reasonable limits 
‘(up to 300 g.) have been found to have 
‘no influence on the calibration. Higher 
engagement pressures produce distor- 
tions in the flexure plates and the engage- 
ment points and are therefore not de- 
sirable. 


_Flexure Plate Transfers for Other Types of 
Gages: 


Obviously these same types of flexure 
plate transfer mechanisms can be fitted 
-to other types of laboratory gages with 
a view to increasing their adaptability. 
The single or double Martens mirror, 
which is a forerunner of the Tuckerman 
gage, can be attached to this transfer 

mechanism and thereby improve the 
performance. Of course the limitations 
of a single reflection set an indefinite 
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account of the inherent uncertainty of 
the readings. Huggenberger extensome- 
ters and all similar instruments requiring 
mounting closely onto the specimen are 
greatly benefited by addition of the 
flexure plate transfer devices of the 


principle here described. 


Conclusion: 


The flexure plate transfer devices 
herein shown have made possible pre- 
cision measurements in_ inaccessible 
places which otherwise would have re- 
quired the construction of special gages 
of very limited range of usefulness. The 
Tuckerman optical lever instruments, if 
coupled with these transfer devices, can 
be extended into a broad-range labora- 
tory tool, and it is hoped that the 
methods herein suggested will expand the 
use of the triple reflection, autocolli- 
mated optical lever system. 
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Nine methods of determining the dielectric constants of sheet insulating 
materials were used in making measurements on the same specimens with 
seven arrangements of circular electrodes. ‘Two methods of computation 
were used with two of the arrangements. The values obtained with guard- 
ring electrodes were assumed to be correct. The errors of the other methods 
were obtained by a comparison with the guard-ring values. Two of the 
methods gave values which were in error by less than 1 per cent. Three other 
methods gave values whick were in error by less than 2 per cent while the 
values obtained by the other three methods were in error by 2} to 7 per cent. 


Last year a paper was presented before 
the Society by Curtis and Scott® giving 
a theoretical discussion of the deter- 
mination of the edge correction for ten 
different arrangements of plate elec- 
trodes when used in the determination 
of the dielectric constants of materials 
in sheet form. Six of these arrange- 
ments were concerned with circular 
electrodes, the remainder with narrow 
strips. The formulas given for these 
various cases were considered from the 
standpoint of derivation and applica- 
bility. It was predicted that some of 
the formulas would give values which 
had appreciable errors while others 
would give reliable values. 

The present paper presents results of 
electrical measurements made to check 
the accuracy of the formulas for edge 
correction of circular electrodes. The 
values for dielectric constant obtained 


1 Publication approved by the Director of the National 
Bureau of Standards of the U. S. Department of Commerce. 
? Assistant Physicist, National Bureau of Standards, 
Washington, D. C. 
_ *Harvey L. Curtis and Arnold H. Scott, “Edge Correc- 
tion in Determination of Dielectric Constant,’’ Proceedings, 
Am. Soc. Testing Mats., Vol. 36, Part II, p. 815 (1936). 


DETERMINATION OF THE EDGE CORRECTION IN THE 
MEASUREMENT OF DIELECTRIC CONSTANT! 


ARNOLD H. Scott 
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using guard electrodes were taken to be 
correct values and the values obtained 
from other arrangements of electrodes 
were compared with them. 

The specimens on which measure- 
ments were made were of glass, hard 
rubber, white marble, and blue marble. 
They were cut from uniform sheets of 
material in the form of circular disks 
about 15 cm. in diameter. The glass 
specimens were cut from a piece of plate 
glass about 4.6 mm. thick, no care being 
taken in its selection other than the 
uniformity in thickness. The hard rub- 
ber specimens were cut from a piece of 
hard rubber about 4.7 mm. thick ob- 
tained from the general supply. The 
marble specimens were cut from slabs 
which were carefully selected as to 
uniformity of appearance. They varied 
in thickness from 6.7 to 7.7 mm. Four 
specimens from each material were 
prepared. 


ARRANGEMENTS OF ELECTRODES 


Tinfoil was used as the electrode 
material. This was applied with a thin 
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coat of petrolatum and carefully rolled 
down on the surface of the specimen 
with a narrow roller until no visible im- 
print could be made on the tinfoil with 
the roller. Experiments were made 
which showed that this procedure of 


= 1d dA 
B 

16, 
Fic. 1.—Electrode Arrangements Where the 


Electrodes Extend to the Edges of the 
Specimens 

For arrangement A the dielectric constant was computed 
by means of the equation: 


K 


1.113D2 aD b 
where C = capacitance, 


K = dielectric constant, and 
ln = natural logarithm. 


Arrangement B was obtained by facing together two speci- 
mens having electrode arrangements shown in A. The 
dielectric constant was computed by means of the equation: 

16bi be 0.6165D 

1.113 + by ~ 
rolling was necessary if the formation of 
bubbles under the electrodes was to be 
avoided. When the tinfoil was rubbed 


down in the usual manner, gas bubbles 


Fic. 2.—Electrode Arrangement When a 
Guard Electrode Is Used. ° 


The dielectric constant was computed by means of the 
equation: 


16bC 
1.113 (D + y)? 


The addition of the width of the gap, y, between the 
guarded and guard electrodes to the diameter of the 
guarded electrode serves as a first approximation to take 
care of the error due to the finite width of the gap. This 
is equivalent to assuming that the effective area of the 
guarded electrode extends to the center of the gap. 


K= 


became visible under the tinfoil in less 
than 24 hr. When, however, the tinfoil 
was rolled down with a narrow roller 

on which considerable pressure was ex- 
erted until no imprint could be made on 
the tinfoil, no bubbles appeared under 
the tinfoil within several months. 


The electrodes were applied to the 
specimen only once and served for all 
the various arrangements. They were 
cut and modified as needed for the 
different arrangements but were not 
removed and replaced. This was ac- 
complished by using the arrangements 
for the largest electrodes first. The tin- 
foil was applied over the entire surface 
of each side of the specimen as shown 
in Fig. 1. When measurements had 
been completed on these arrangements 


BD 
‘ D 
| 1d 
B 
Fic. 3.—Electrode Arrangements When One 


Electrode Extends to the Edge of the Specimen 
and a Smaller Electrode Is Centered on the 
Opposite Face. 


Two methods of computing the dielectric constant were 
used with arrangement A. The equations used were: 


K = Cc 
be D 4nD 
1.113 iob 4x (in b )] 
and 
ae 16b (C — E) 
1.113D2 


The value of E was obtained from a curve published by 
Hoch. 

Arrangement B was obtained by facing together two 
specimens having electrode arrangements shown in A. 
The dielectric constant was computed by means of the 
equation 
K = 


D2 + be) 0.6932D 
113 


one of the electrodes of each specimen 
was cut with a circular cutter so that a 
very narrow ring was removed leaving 
a small electrode surrounded by a guard 
electrode as shown in Fig. 2. After 
measurements had been made with this 
arrangement, the guard electrode was 
removed as shown in Fig. 3. Follow- 
ing measurements with these arrange- 
ments the large electrode was cut and 
the outer piece removed so that two 
electrodes of the same size were left 
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were 


centered on opposite sides of the speci- 
men as shown in Fig. 4. 

The equations for circular electrodes 
given in last year’s paper® were used 
for the computations of the dielectric 
constants. These equations are given 
in the captions under the figures. The 
correction terms for electrode thickness 
are omitted from these equations because 
the tinfoil electrodes were only 0.003 cm. 
thick and the correction for this thick- 
ness was negligible. In these equations 
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D 
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Fic. 4.—Electrode Arrangements Where the 
Electrodes Are of Equal Diameter but Smaller 
than the Specimen. 


Two methods of computing the dielectric constant were 
used with arrangement A. The ne used were: 


16b 
and 
4.1132 


The value of E was obtained from a curve published by 
Hoch. 

Arrangement B was obtained by facing together two 
specimens having electrode arrangements shown in A. 
The dielectric constant was computed by means of the 


equation 


the capacitances are given in micro- 
microfarads and the dimensions of the 
specimens in centimeters. The loga- 
rithm used is the natural logarithm. 
For two of the arrangements, Fig. 3A 
and Fig. 4A, the dielectric constants 
were also computed by a method de- 
scribed by Hoch. The value of the 
edge capacitance, E, was taken as 
11/11.43 of the value given by the curve 


Dt (by + 
16(bibs) 


*E. T. Hoch, “Electrode Effects in Measurement of 
Power Factor and Dielectric Constant of Sheet ee 


piariale, ” Bell System Technical Journal, Vol. 5, p. 555 
(1926) 
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electrodes used in the present investiga- 


published by Hoch since his curve was 
given for specimens having electrodes 
4} in. (11.43 cm.) in diameter while the 


tion were 11.0 cm. in diameter. This 
assumes that within the required accu- 
racy the edge-correction capacitance is 
proportional to the circumference, which 
is a plausible assumption for small 
changes in diameter. 


ELECTRICAL MEASUREMENTS 


The capacitance measurements were 
made with a conjugate Schering bridge 


= 


(a) 


Shielding Arrangements. 


(a) For a single specimen. 
(b) For a pair of specimens. 


provided with an earthing arm. The 
bridge was well shielded and was oper- 
ated inside an earthed cage. A balance 
of the bridge was first obtained without 
the specimen being connected to it. 
Then the specimen was connected in 
parallel with the standard capacitor 
and the bridge rebalanced. ‘The capaci- 
tance of the specimen was taken as 
equal to the change in capacitance of 
the standard capacitor necessary to 
bring the bridge again into balance. 


5 This bridge is the same as the one described in Tenta- 
tive Methods of Testing Electrical insulating Material for 
Power Factor and Dielectric Constant (D 150-36 T), 
Proceedings, Am. Soc. Testing Mats., Vol. 36, Part I, p. 955 
(1936); also 1936 Book of A.S.T.M. Tentative Standards, 
p. 951. 


ne 
ill 
re | 
he 
ot | 
its 
in- 
ice 
wn 
ad | 
ats 
i 
| 
two 
n A. 
f the 
men 
ata 
ving 
lard 
fter 
this 
was 
low- 
nge- 
and 
left 


658 Scott ON EpGE CORRECTION IN DIELECTRIC CONSTANT 


The source of the 1000 cycles per sec. 
measuring current was a motor-generator 
set rur from storage batteries. A 
potential of 110 v. was applied across the 
bridge. 

The specimens were placed in a metal 
box which served as a shield for the 
specimen and was part of a constant 
temperature chamber. When measured 
singly the specimens were mounted as 
shown diagrammatically in Fig. 5 (a). 
The switch used for disconnecting the 
high-potential lead of the specimen from 


TABLE I.— DIELECTRIC CONSTANTS. 


ment any capacitance other than the 
capacitance between the electrodes in all 
cases except one. When the specimens 
were measured in pairs and the center 
electrode was smaller than the outer 
electrode, it was necessary to make con- 
nection to the center electrode with a 
small wire. This wire could not be 
shielded along the distance from the 
edge of the specimens to the center 
electrode so that the capacitance of this 
lead to the outer electrode was included 


in the measured capacitance. - 


Average of four determinations. 


Electrode Arrangement 


2 1A | 1B 

= 

3.12 3.07 3.10 


3A 3A¢ 3B | 4A 4A% 4B 
7.40 7.74 7.80 7.35 7.73 7.58 
3.04 3.07 3.13 2.98 3.08 3.03 
8.24 8.53 | 8.68 8 02 8.53 8.28 
8.38 8.72 8 83 8.18 8.69 8.45 


4 Computed by method given by Hoch. 


TABLE II.—PERCENTAGE DIFFERENCE BETWEEN COMPUTED DIELECTRIC CONSTANT AND GUARD 


14 | 4B 
-0.4 | -0.2 - 
—0.6 —0.2 —3. 


@ Computed by method given by Hoch. 


the bridge and connecting it to earth 
was mounted in the box. This served 
effectively to shield the switch, thus 
eliminating capacitance error in the 
switch. When measured in pairs the 
specimens were mounted as shown 
diagrammatically in Fig. 5 (6). Here it 
was necessary to mount the switch in a 
separate compartment. The shielding 
in both cases was designed to eliminate 
as far as possible direct capacitance 
between the leads and between each 
lead and the opposite electrode. This 
effectively removed from the measure- 


ELECTRODE VALUE. 


Electrode Arrangement 


3A | 3A | 3B 4A 4A4 4B 
4.6 —0 +0.5 —0.4 —2.3 
2.5 | 1.6 +0.3 —4.4 —2.9 
4.2 —0.8 +0.9 —6.7 —0.8 —3.7 
4.2 —0.3 +0.9 -6.5 | -0.7 —3.4 
3.9 —0.7 +0.6 —0.8 —3.1 


The specimens were maintained at 
30 C. in a dry atmosphere for at least 48 
hr. before measurements were made. 
The capacitance was measured without 
removing the specimens from the cham- 
ber. The marble specimens were dried 
by placing them in an oven at 115 C. for 
24 hr. before being placed in a measuring 
chamber. 


RESULTS 


The values of the dielectric constants 
as obtained by the different methods 
and arrangements of electrodes are given 
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in Table I. Each figure is the average 
of the determinations made on the four 
specimens of each material. Assuming 
the guard-electrode values to be correct 
the percentage errors of the determina- 
tions made by the other methods were 
computed. These percentage errors are 
given in Table II. 

It was predicted in last year’s paper® 
that arrangements 14 and 1B would 
give values which were too high, that 
arrangements 3A, 4A and 4B would give 
values too low and that arrangement 3B 
would give values that were very nearly 
correct when the equations given for 
each were used in the computations. 
These predictions were correct for all 
the arrangements except 1A and 1B. 
The values obtained with these arrange- 
ments were slightly too small rather than 
too large, as predicted, except for glass. 
The higher values for glass are probably 
accounted for by the fact that the glass 
specimens were slightly beveled at the 
edge. This was done by the glass 
worker to take off the sharp edge. Thus 
the specimen extended slightly beyond 
the edge of the electrodes. This gave 
rise to edge capacitances larger than con- 
templated by the equations and gave 
errors in computation which made the 
values too large. Presumably, then, 
these arrangements would have given 
values for glass too small, in line with 
the values for the other materials if the 
glass had not extended beyond the edge 
of the electrodes. 

It can be concluded, then, that ar- 
rangements 1A and 1B give values of 
dielectric constant that are slightly too 
small, the percentage error being 0.5 
per cent or less for all the materials 
except hard rubber for which the error 
was as much as 1.6 per cent. ‘This 
would indicate that the errors in these 
arrangements are greater for materials 
of low dielectric constant. 

Arrangements 3A, 4A and 4B yield 
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results that are too small by several per 
cent, the average errors being 3.9, 5.7, 
and 3.1 per cent, respectively. If, how- 


- ever, Hoch’s method of computation is 


used for arrangements 3A and 4A the 
values obtained are much more accurate. 
Here again the error is greatest for the 
specimens having the lowest dielectric 
constant. 

Arrangement 3B yielded values which 
were all too high but the errors were less 
than 1 percent. It was in this arrange- 
ment that the lead to the center elec- 
trode could not be shielded for the dis- 
tance of about 2 cm. where it passed 
between the edges of the specimens. 
There was appreciable capacitance be- 
tween this portion of the lead and the 
outer electrode and the equation does 
not allow for this. If this capacitance 
had been determined and due allowance 
made for it, the values of the dielectric 
constant would have been lowered and 
the error decreased. 

To determine the error caused by the 
capacitance of the lead, the dielectric 
constant of fourteen pairs of marble 
specimens was measured using dummy 
leads. The dummy leads were made as 
near as possible like the real leads. ‘The 
capacitance of the test unit was meas- 
ured with the dummy lead in place and 
again after the dummy lead had been 
removed. The capacitance of the 
dummy lead and hence of the real lead 
was the difference between the two 
measured capacitances. The average 
error in the dielectric constant of the 
marble specimens when no correction 
was made for the lead capacitance was 
0.9 per cent. The average error when 
correction was made for the lead capaci- 
tance was 0.4 percent. The lead capaci- 
tance thus caused an error of about 0.5 
per cent. 

The amount of the edge correction 
is much greater in some arrangements 
than in others. If the correction terms 
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were all ignored in the various equations 
used in the computations of the dielec- 
tric constants, the values for the various 
arrangements of electrodes would be 
TABLE III.—PERCENTAGE ERROR IN 
UNCORRECTED VALUES OF K. 


Electrode Arrangement 


| 1B 34 | 3B 44 4B 

| 1.0 9.2 80 33 
Hard rubber....... /1.0| 0.6] 11.8] 7.7) 4.2 | 2.9 
White marble.... . 0.7 | 0.6 | 13.1) 13.3) 4.7 | 
Blue marble.... 10.7} 06) 13.5) 12.3' 48 


- 


in error by the percentages shown in 
‘Table III. Arrangements 14 and 1B 
would have given errors of only about 1 
per cent by this method. The other 
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arrangements would have given much 
larger errors. Arrangements 3A and 
3B would have given a value as much as 
13 per cent too high if no correction had 
been made for the edge capacitance. 
According to these results, dielectric 
constants obtained by means of arrange- 
ments 1B and 3B, correction being made 
for lead capacitance, will be in error by 
less than 1 per cent. Dielectric con- 
stants having errors less than 2 per cent 
can be obtained from arrangements 14 
and 18 using no corrections and from 
arrangements 3A and 4A using Hoch’s 
method of computation. The other 
methods, however, will give results 
having errors of 2.5 to 7 per cent. 
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ME ASU RING E 


By Rospert W. Carson! 


SYNOPSIS 

Spring elements in precision instruments may be subject to appreciable 
errors as the result of elastic drift, or deviations in elastic deflections occurring 
a constant load. 
crometer, sensitive to deviations as small as a millionth of an inch, was devel- 
oped to measure deflections of spring members without disturbing the load 
Typical records show that drift continues indefinitely at a de- 
creasing rate as long as the load remains. 
drift measurements on flat strip specimens and 


with continued time under 


deflection. 


in instruments. 


Since the elastic deflection of metal is 
widely used in precision instruments as 
a measurement of force, the ideal elastic 
material would have deflections exactly 
proportional to force under all condi- 
tions. Deviations from proportionality 
are caused by temperature, stress in- 
tensity, elastic hysteresis, and also by 
elastic drift during the time that the 
load is maintained. Elastic drift, or the 
deviations caused by time under load, 
have been difficult to measure with pre- 
cision, although serious errors in instru- 
ment performance may result from this 
effect (?. More effective control of 
drift has been difficult because of the 
problem of determining the factors af- 
fecting this deviation, particularly as 
these factors apply to actual elastic ele- 
ments used in precision instruments 
where stresses are much lower than the 
conventional elastic limit. 

Elastic drift is a change in the deflec- 
tion of a stressed member under a con- 

1 Instrument Specialties Co., Little Falls, N. J. 

2 The boldface numbers in parentheses refer to the re- 


orts and papers given in the bibliography appended to 
this paper, see p. 668. 


LASTIC DRIFT 


A recording electronic mi- 


Test procedure is described for 
actual elastic elements used 


stant load, a change occurring , only with 


the passage of time. This effect has 
been variously designated as creep, drift, 
elastic lag, temporary set, elastic fatigue, 
zero shift, elastic after-working, aging 
and mechanical hysteresis. One diffi- 
culty in establishing a term such as 
“elastic drift”’ for this deviation is that 
its effect on instrument performance 
often is difficult to distinguish from elas- 
tic hysteresis or the energy lost in rapidly 
carrying a material through a cycle of 
stresses. This energy loss is practically 
independent of time provided the cycle 
is carried through rapidly. If the cycle 
is carried out slowly, then the elastic 
deviation will be a combination of elastic 
hysteresis and elastic drift. With a 
steady load, however, the deviations 
occurring with continued time under 
load are unaffected by elastic hysteresis. 
In many respects, elastic drift is but a 
continuation of high-temperature creep 
into lower normal temperature condi- 
tions. Creep is perhaps a better term 
than drift for this effect, but it seems 
that creep is now generally associated 
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with effects observed under high-tem- 
perature conditions. Since the devia- 
tions considered here occur at normal 
temperatures the term “elastic drift” 
is used. 

Regardless of how it is designated by 
various investigators, the effect is the 
same. Underaconstant load, the deflec- 
tion slowly increases; after removing the 
load some of the deflection remains for a 
time. Under load, the drift or increase 
in deflection continues at a decreasing 
rate; after removing the load, the small 
residual deflection slowly decreases and 
may eventually disappear. 

Elastic drift has been measured by 

both dynamic (2) and static (3) methods. 
By observing the decrement of a long- 
period torsional pendulum, the combined 
effect of drift and elastic hysteresis has 
been measured under conditions of alter- 
nate reversal of stress. In most instru- 
ment applications, however, the elastic 
elements are subject to a stress of vary- 
ing intensity in but one direction. Un- 
der such conditions elastic drift is usually 
of greater significance than hysteresis. 
Static tests therefore give data that are 
more readily applied to conditions found 
‘in precision instruments. However, 
‘static tests not only require extremely 
‘sensitive measuring methods, but the 
measuring method used must not affect 
the small deviations being measured. 

Although drift effects may be large 
enough to present a serious problem in 
precision elastic members, the deviations 
are of such small magnitude that accu- 

rate direct measurements are difficult to 
make by usual means. For example, an 
altimeter diaphragm may have a total 
deflection of 0.100 in., and good _ per- 
formance may require drift to be less 
_ than 0.1 per cent of the load deflection 
during an hour under maximum load. 
-The total deviation during the hour 
therefore will be no greater than 0.0001 
_in., and to measure the rate at which 
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this deviation occurs requires a measur- 
ing means sensitive to displacements of 
a few millionths of an inch. Of course, 
during the test all outside disturbances, 
temperature changes and variations in 
load must be so closely controlled that 
they do not affect the measured devia- 
tions. Then also, the measuring system 
itself must not affect the deflection of 
the specimen. The problem therefore is 
to measure small deviations with a high 
sensitivity without placing any load on 
the specimen, and to maintain test con- 
ditions constant during the test period. 


LIMITATIONS OF USUAL MEASURING 
METHODS 


Tests on elastic elements have been 
made with fair accuracy by placing them 
under load for extended periods of time. 
Since drift increases with time, a long- 
time test may give a total deviation large 
enough for comparative purposes, but 
there is always the possibility that some 
disturbing condition may have occurred 
during the test period. Tests on wire 
materials have been made using long 
gage lengths in order to obtain a higher 
degree of sensitivity, and optical methods 
of measuring deviations can, of course, 
be applied to usual instrument elements. 
Neither of these methods, however, gave 
the desired results on small specimens or 
elastic elements within the desired time 
limitations. 

Early attempts to make short-time 
determinations on actual instrument 
spring elements using optical methods 
were not entirely successful, and the 
equipment needed to obtain a running 
record of deviations was too complicated. 
In making direct observations, a large 
number of readings were necessary, par- 
ticularly at the start of the test when the 
drift was relatively rapid. Interferome- 


ter methods were not successful because 
of the difficulty in eliminating errors 
caused by the load imposed on the test 
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specimen, and mechanical means of mag- 
nification were found to have the same 
limitations. The use of a micrometer 
screw, as shown in Fig. 1, withelectrical 
means for indicating point of contact 
between the micrometer tip and speci- 
men was not successful in early attempts 


cating the instant of contact between 
the micrometer tip and the specimen. 
With a low-voltage contact circuit, a 
_ Sharp contact point eliminated electro- 
static attraction. A contact circuit of 
50 megohms resistance reduced currents 
enough to prevent pitting of the contact 


2 


iG. 1..-With Electrical Indication of Micrometer Contact, Pitting of the Sharp Contact Point 
Caused Relatively Large Errors in Measurement of the Load Deflection. 


because of the appreciable and variable 
contact pressure required. Arcing 
quickly destroyed sharp-pointed con- 
tacts, and with broad contact faces elec- 
trostatic attraction affected the deflec- 
tion of the specimen under test. 
Contact difficulties were finally elimi- 
nated by using electronic means for indi- 


point. This electronic indicator for 
determining instant of contact was found 
to operate for displacements of less than 
a millionth of aninch. Since such small 
displacements could not be read on the 
micrometer or on a large-diameter drum 
on the micrometer barrel, micrometer 
rotation was magnified mechanically by 
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a constant tension wire and pulley drive, 
and the magnified movement was then 
recorded on a paper chart. For the 


maximum sensitivity so far required in 
drift tests, the mechanical magnification 
is arranged so that a 6-in. movement of 
the recording pen across the chart repre- 
sented a displacement of nearly 0.005 in. 
A millionth 


under the micrometer tip. 


motor with a 1-r.p.m. output shaft for 
the pen drive. The electronic indicator 
through a relay controlled the current 
to the clock motor so as to stop the motor 
at the instant of contact when the mi- 
crometer tip was brought down against 
thespecimen. Asdriftincreased,the mo- 
tor drive thus provided an automatic fol- 
low-up motion for the micrometer, keep 


Deflections. 


of an inch therefore is approximately 
0.01 in. on the chart 


SELF RECORDING FOR GREATER 
ACCURACY 


In order to eliminate human errors in 
setting the micrometer and to reduce 
disturbances that result from bodily 
contact with the instrument, the mi- 
crometer was automatically brought just 
to the point of contact by a small clock 


The Electronic Micrometer Sensitive to Deviations of a Millionth of an Inch in Elastic 


Contact with the metal bellows under test is indicated by the instrument on the panel. A follow-up mechanism 
keeps the micrometer just touching the specimen, and records the deviations on the clock-driven paper chart. 


ing it always just touching the specimen 
Another clock motor advanced the paper 
chart, thereby giving a continuous auto- 
matic record of increasing deflections or 
drift under load with the elimination of 
human errors in taking readings. 

Since only a small amplitude of vibra- 
tion might bring the specimen in contact 
with the micrometer tip and cause an 
automatic advancement of the microm- 
eter, it has been found desirable to 
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eliminate all outside disturbances as 
much as possible. Vibrations are iso- 
lated by mounting the micrometer on a 
foundation independent of the building 
structure, in a location free from traffic 
disturbances The relay controlling the 
micrometer drive motor is mounted 
separately from the micrometer case so 
that its operation does not disturb the 
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Check tests have demonstrated that 
the electronic micrometer will repeat 
within a millionth of an inch, and that 


. the sensitivity of the electronic contact 


indicator is something less than a mil- 
lionth of an inch. The limit of sensi- 
tivity has not been determined since the 
present sensitivity is sufficient to 
measure accurately the hysteresis in a 


Fic. 3. 


specimen. A glass inclosure for the 
micrometer shields it from air currents, 
and absorbs some of the radiant heat 
that might otherwise change the tem- 
perature of the micrometer parts. A 
dashpot for the load is used to damp out 
both horizontal and vertical movements 
of the load. These details are shown in 
Fig. 2, a photograph of the complete 
instrument in one of its early forms. 


The Usual Method of Supporting a Flat-Strip Specimen so that Displacements Are Ks- 
sentially Vertical and Parallel to the Movement of the Micrometer Spindle. 


specimen under low stress during load 
periods lasting no longer than 10 to 30 
min. This short time minimizes the 
possibility of errors caused by outside 
disturbances and temperature changes. 
DIFFERENCE BETWEEN SENSITIVITY AND 
ACCURACY 

It is recognized that this measuring 

method does not record deflections 
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accurately to a millionth of an inch from 
some zero load position. This would 
require far greater accuracy than is 
obtainable in a micrometer screw thread. 
However, the percentage of error is 
small, and it is not accuracy but sensi- 
tivity that is important. For example, 
if the total hysteresis measured in a test 
is 100 millionths or 0.0001 in., a mil- 


the micrometer engaged quickly to 
record the initial changes in deflection. 
Then the test is continued automatically 
or the period desired, giving a chart 
record such as the portion of one shown 
in Fig. 4, for a non-ferrous alloy strip. 
This chart shows the fundamental char- 
acteristic of drift as it is found in all 
spring materials under usual stress con- 


lionth of an inch sensitivity is 1 percent ditions: the rate of drift decreases with 
of the total, which is sufficient accuracy increasing time under load. For greater 
for drift measurement. ‘This distinction convenience, it is usually desirable to 
—!0 T 
=% —— 
7 - + + - +-—+— —-— 
+ + + + + + 
=| mins SS SSS 
= 
5PM 4PM 
lic. 4.--Typical Chart Record of Elastic Drift in a Cantilever Beam Specimen. 


between accuracy and sensitivity is im-_ 


portant, and of course limits the useful- 
ness of the method to a relatively small 
range of displacement. 


RESULTS OF TyPICAL TESTS 
Measurements of elastic drift have 
been made with the electronic microm- 
eter on a wide variety of non-ferrous 
spring materials as well as on many 
a of complete instrument elements. 
Tests on spring materials are made on 


specimens loaded as cantilever beams, as 
The load is applied and 


shown in Fig. 3. 


Breaks in the line represent actual deviations of the specimen, and are typical of all materials. 


scale the chart and plot the curve to a 
condensed time scale, as has been done 
in Fig. 5 for a typical test on a heat- 
treated beryllium copper specimen. In 
this curve, drift is shown in percentage of 
load deflection rather than the measured 
displacement since this is a more useful 
basis for comparing the performance of 
different specimens. 

The curve in Fig. 5 flattens out, 
indicating that drift might stop at some 
extended time. However, by plotting 
the same curve to a logarithmic time 
axis, as shown in Fig. 6, the points fall 
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on a Straight line. Experience with 
tests continued without interruption for 
as long as 15 days shows that if measure- 
ments are made with sufficient sensitiv- , 
ity, drift never ceases, although it may 
in time decrease to such a slow rate 
that it has no further significance. If 
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Time Under Load, min. 
Fic. 5..—Drift in a Heat-Treated Beryllium- 
Copper Strip. 
Expressed in percentage of load deflection to simplify 


comparison with specimens of different dimensions and 
other materials. 


20 40 60 80 loc 


for example, continuing increase in 
drift under load may take the form of 
the curve shown in Fig. 7, where log- 
arithmic scales are used for both the 
time and deflection. Waves in this 
curve are the result of small changes in 
specimen temperature between day and 
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I'1G. 6.—The Curve Shown in Fig. 5 Plotted to 
Log of Time Becomes a Straight Line, Indicating 
that Drift Continues as Long as the Load Re- 
mains. 
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Fic. 7. Long-Time Drift Test of a Metal Bellows Plotted from Data Scaled from the 


Chart Record. 


Variations in plotted points are caused by 


the initial points on the curve are de- 
termined accurately, the curve may be 
projected to indicate the amount of 
drift at the end of a much longer period 
of time. 

For more involved stress conditions 
uch as found in flexible metal bellows 


small changes in specimen temperature 


night conditions, and of course can be 
eliminated if desired by thermostatic 
control of temperature. 

From the manner in which these 
curves are plotted, it would appear that 
there was a known initial or drift-free 
deflection point from which hysteresis 


Lo 
n. 
ly 
rt 
mn 
p. 
ull 
n- | 
th 
er 
to | 
| 
one 
| 
In OC 1000 
e of 
eful 
of 
yut, 
yme = 
ting 
ime 
fall 


668 CARSON ON MEASURING ELASTIC DRIFT 


measurements were made. However, 
drift proceeds so rapidly immediately 
after apply ng the load that the record- 
ing mechanism cannot keep up with the 
changes. ‘Therefore, the actual recorded 
deflection at some time after applying 
the load, usually from 15 sec. to 2 min., 
is taken as the starting point. It would 
appear desirable to determine the rate 
at which drift takes place during the 
first few seconds after applying the load, 
but a satisfactory method has not yet 
been developed using the electronic 
‘micrometer. 

During the first few minutes of a test, 
where the amount of drift 


is large, the recorded curve usually 
shows breaks in the steady rate of 
deviation, such as shown in Fig. 4. 


Curves usually average out to a smooth 
continuous line, but the deviations ap- 
pear to hold back and then let go. 
a a test has proceeded for 10 or 15 
-min., such breaks are seldom found. 
External disturbances sometimes cause 
operation of the recording mechanism, 


(1) Elastic Drift In Precision Instruments: 


Chree, “Experiments on Aneroid 
Barometers,” Philosophical Trans- 
actions, Vol. 191A, p. 441 (1868). 


Oldest known reference reporting time function 
of elastic drift. 


“Electrical Measuring Instruments,’ 
National Bureau of Standards Cir- 
cular No. 20, Second Edition, p. 40 
(1915). 


Elastic drift and unwinding of spiral instrument 
springs. 


M. D. Hersey, “Diaphragms for Aero- 
nautical Instruments.” National Ad- 


visory Committee for Aeronautics 
Report 165 (1923). 
Noted creep at constant load  after-effect. 


Seasoning reduced deviations. 


but these disturbances are readily recog- 
nized, and do not affect the final shape 
of the curve. 

Investigation of the factors affecting 
drift shows that internal stress condi- 
tions are by far the most important, 
particularly in cold-worked materials. 
The effect of heat treatment, time under 
load, stress intensity, type of loading 
and repeated cycles of load, as well as 
the characteristic drift in the various 
materials have been studied. Routine 
tests have been made to check perform- 
ance of production spring elements. 
Production tests on the defection rate 
of various types of springs have been 
made with extreme precision. Since 
the measuring apparatus places no load 
on the spring, it can be used as effectively 
on small, weak springs as on large ones. 


Acknowledgment._-Acknowledgment 
is made to L. L. Stott of the Beryllium 
Corporation of Pennsylvania for per- 
mission to reproduce the curves shown 


in Figs. 5 and 6. 
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and on disturbed conditions at grain boundaries 
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Mr. A. B. Smitu! (presented in written 
form).—Mr. Carson is to be commended 
for his treatment of definitions at the 
very beginning of his paper. Included 
in this matter is his definition of 
“rapidly” connected with the separation 
between “elastic hysteresis” and “elastic 
drift.” The former is independent of 
time only if the time is short enough 
which he later defines as “10 to 30 min.” 
(see p. 665). 

I note that Mr. Carson finds that the 
drift curve seems to be logarithmic. 
If so, it cannot agree with experimental 
data at zero time. It is logical to be- 
lieve that the deflection due to elastic 
drift is zero at zero time, whereas the 
logarithmic function starts at negative 
infinity (since the base is usually greater 
than unity). 

Though the above is not reasonable, 
I have had a similar experience in mag- 
netic measurements, in which the 
mathematical expression which most 
nearly fitted the experimental curve had 
negative values at zero time. It was not 
illogical, because of the well-known 
shape of such curves in iron in that re- 
gion of time. Does the true elastic 
drift curve have a similar shape? 

It would be interesting to know the 
magnitude of the opposing forces at the 
point where the deflections were meas- 
ured, as well as the total deflection from 
the zero of the spring. 

The use of the international units of 
weights and measures would have 
sreatly improved the presentation of 
this contribution. 


' Chief Research Engineer, Associated Electric Labora- 
tories, Inc., Chicago, III. 


DISCUSSION 


Mr. M. F. 


SAYRE.2—I should like first 
to express my admiration for the way in 
which the author has handled this 
rather difficult question of automatic 
measurement of extremely small quan- 
tities. Then I should like to challenge, 
in some measure, the title of the article 


in which the author speaks of “measur- 
ing elastic drift.” I have been measur- 
ing these low-temperature changes for 
some time past and comparing them 
with high-temperature changes, and I 
confess I do not yet see wherein there is 
any sufficient physical difference in 
their character to justify the introduc- 
tion of a new and separate name. I 
have a feeling that unless creep is to 
be specifically defined as a “‘slow change 
in shape resulting from recrystallization 
under stress,” this is a creep just as 
truly as high-temperature measurements 
are creep. A large part of this creep 
is recoverable on removal of the load, 
but I think that our high-temperature 
experimenters are just beginning to 
realize that a very large percentage of 
the high-temperature creep is also re- 
coverable on removal of the load. 

A second word in the title should also 
probably be changed. I think that 
this should be spoken of as pseudo- 
elastic rather than elastic drift. It is a 
change in dimension which very gradu- 
ally occurs, which represents some form 
either of slip on crystal planes within 
the crystals or of gradual change in 
molecular position, which is of a differ 
ent type from elastic changes. On re- 
moval of the load, the induced forces 


2 Professor Mechanics, Union College, 
Schenectady, N. 
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produced by the original movement 
cause a reverse movement. The per- 
centage of return movement is largely 
a question of the previous history of the 
material. For a material in an abso- 
lutely virgin state the percentage would 
probably be appreciably less than is 
shown here. On the other hand, I 
should defy anyone to manufacture a 
specimen in the shape needed for a test 
and have it in the virgin condition. 
Simply the process of handling is likely 
to produce stresses such as would modify 
the condition. What is being measured 
here is the change in length, in some 
measure, as influenced by previous his- 
tory. The residual creep or drift under 
load, however, is frequently a very 
important property of the material, and 
Mr. Carson’s method has very much 
facilitated its measurement. 

Mr. L. B. TucKeRMAN.* — First I wish 
to commend the author upon adding a 
very convenient method to some of the 
less convenient methods which have 
been used in the past for measuring the 
inelastic phenomena which occur in 
metals under relatively low stresses. 
The importance of more convenient 
methods of measuring these inelastic 
effects from the standpoint of the 
production of accurate measuring in- 
struments, cannot be over-estimated. 
Anyone who makes this type of meas- 
urement easier is making it possible to 
study the phenomena more thoroughly 
and improve the accuracy of instru- 
ments. 

Just as an illustration of the problems 
which persons are up against when they 
try to make accurate instruments, take 
the case of a sensitive aneroid baro- 
graph used as an altimeter. At the 

National Bureau of Standards we are 
placed in the position of having to take 
the barograph records from record 


__ % Assistant Chief, Division of Mechanics and Sound, 
_ National Bureau of Standards, Washington, D. C. 
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flights and say approximately how high 
an airplane went. Because of elastic 
drift, we cannot do this by comparing 
the flight record with a previous calibra- 
tion of the instrument. The only way 
that we can get a sufficiently accurate 
result is to put the instrument in a 
chamber and reproduce the same record 
by carrying it again through the same 
sequence of temperatures and pressures, 
measuring the pressures on accurate 
barometers of the mercury type. In 
other words, the drift—and I prefer 
the word drift to creep—the drift of 
those instruments depends so much 
upon the rate of loading, the time rate 
of change of temperature and all the 
detailed conditions of the application 
of the load to the spring, that it is 
necessary to repeat the same sequence 
“if you wish to know accurately what 
the readings mean. Now it is true that 
aneroid barographs are greatly improved 
over what they were twenty years ago, 
because people have been studying these 
phenomena, and I welcome the thought 
of a spring which can be loaded. What 
was the stretch of that spring that 
drifted only three-millionths of an inch? 

Mr. Ropert W. Carson.*—That 
was loaded at about 50 Ib. per sq. in. in 
torsion. 

Mr. TuCKERMAN. -Well, that’s going 
some. If we can study these things, 
and study them conveniently, we prob- 
ably will have more springs with these 
improved characteristics, and, perhaps, 
might even hope some time to have an 
aneroid barograph which we could bring 
down to ground and take the record at 
face value. 

L do not agree with Mr. Sayre that 
we should call this phenomenon ‘“‘creep.” 
In my mind the word creep is associated 
with slow inelastic yielding which does 
not recover on unloading. In that con- 


4 Instrument Specialities Co., Little Falls, N. J. 
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nection I rather question whether, if 
the drift were observed for an infinite 
time, a curve such as Fig. 6 would con- 
tinue to be a straight line. An infinite 


time is a long time, but some of the rec- ° 


ords of drift I have seen show that even 
with a logarithmic time scale the plot 
definitely curves downward, approach- 
ing a horizontal line. We have held 
some materials under constant load for 
as much as seven months, and although 
after seven months the drift was still 
continuing it was slowing down so 
much that we anticipated that perhaps 
after a hundred years it would be 
reasonably negligible. I doubt whether 
it continues under these very low loads 
quite so fast—I mean logarithmically 
fast—as would be indicated by the 
extrapolation of the curves that he 
shows here. 

Mr. P. G. McVertry.® —Mr. Carson’s 
work refers particularly to a drift in 
instrument springs. Attempts to cor- 
relate this with the creep of metals 
under stress at high temperatures is 
made difficult by our lack of knowledge 
of the exact nature of creep. Mr. R. W. 
Bailey has defined creep as “the out- 
ward manifestation of the balance in 
the destruction of strain hardening by 
thermal influence and its recreation by 
further slip.” According to this defi- 
nition, the two phenomena may be 
correlated if there is enough softening 
effect at room temperature to remove 
part of the strain hardening in the 
spring. Whether or not this is true it 
appears that the author has developed a 
good method of measuring the deflec- 
tions of instrument springs. 

Another point has to do with the 
plotting of results. If I understood the 
author correctly, he recommends the 
logarithmic plotting of Fig. 7 to convert 

§ Mechanical Engineer, Research Laboratories, West- 


inghouse Electric and Manufacturing Co., East Pittsburgh, 
2. 


the curve of Fig. 5 into a straight line. 
Reference to Mr. Boyd’s discussion of 
Mr. Marin’s® paper shows that the 
logarithmic plot introduces a kink in 
the curve if the time be prolonged. 
This should be considered before adopt- 
ing the logarithmic plot. 

The use of this apparatus over long 
periods of time raises questions as to 
the effect of dirt or corrosion at the 
contact points. There is a possibility 
also of relative movement between the 
support for the micrometer and the 
support for the cantilever beam speci- 
men. Such details could be worked out 
easily if long-time use of the equipment 
were desired. 

A Memper.—I wonder whether the 
author has applied this test method, 
with the contacts through his electrical 
circuit, to plastics which ordinarily 
would not have electrical conductivity. 
Is there some way of maintaining an 
active contact between the micrometer 
point and the electric circuit, in order 
to measure such materials as plastics 
that do not have electrical conductivity 
to any degree? 

Mr. Carson (author's closure). 
Differences between hysteresis and drift 
or creep can be readily defined in terms 
of the observed effect, to answer Mr. 
Smith’s question. Hysteresis is for all 
practical purposes instantaneous and is 
readily observed as the difference be- 
tween deflections for ascending and de- 
scending loads of the same magnitude. 
Drift or creep is most readily observed 
as a continuing slow increase in deflec- 
tion under a steady load, and starts 
immediately upon applying the load. 
The logarithmic form of the drift or 
creep curve cannot ordinarily be pro- 
jected back much closer than about two 
minutes after applying the load. Drift 
or creep during this initial period ap- 


6 See p. 265. 
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pears to follow some other law, merging 
gradually into the logarithmic function 


as time increases. Electronic §micro- 
meter tests indicate that the creep 
during this initial period proceeds at a 
slower rate than obtained by projecting 
the logarithmic function back to zero 
time. 

The author agrees with Mr. Sayre 
that both of the words “elastic” and 
“drift” in the title of the paper are 
poorly selected. They should be re- 
placed with the single word “creep”, 
which should be defined to include both 
the continuing increase in deflection 
under a constant load, as well as the 
recovery effect found upon removal of 
the load, whether the specimen is tested 
at normal temperatures or at some ele- 
vated temperature. 

Many investigators of high tempera- 
ture creep have assumed, as has Mr. 
Tuckerman, that there is no reversal of 
creep when the load is removed or re- 
duced. The author suggested several 
years ago’ that this assumption was 


7 Mechanical Engineering, June, 1934, p, 365; Metals and 
Alloys, July, 1934, p. 374. 


s 


Ap 


incorrect, and recent investigations of 
the relaxation problem have shown that 
creep reversal does take place in high- 
temperature tests as well as in the 
normal temperature loading described 
in this paper. 

It is understandable that one familiar 
with high-temperature creep effects in 
metals would define the effect in terms of 
the factors that happened to be impor- 
tant in his special problem. The defi- 
nition of creep quoted by Mr. McVetty 
is certainly applicable to high-tempera- 
ture tests on steel, but cannot be used 
as a general definition of the term 
“creep”. It is the author’s experience 
that all engineering materials will ex- 
hibit creep under any load at any tem- 
perature—if the measuring equipment is 
sufficiently sensitive to find the creep. 

With the present knowledge on ‘“‘in- 
elastic” properties of materials, creep 
must now be defined to include effects 
measured under normal temperatures as 
well as at high temperatures, and for 
other materials than steel. Asa general 
definition the author proposes: Creep is 
a continuing change in the deflection of 
a stressed member under a constant load. 
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A CLASSIFICATION OF METHODS OF MECHANICAL 
OF PARTICULATE MATERIALS! 


The physical state of a particulate sub- 


stance related to the quality known as . 


fineness is characterized by the three 
physical constants of surface area per 
unit weight, number of particles per unit 
weight, and uniformity of the size dis- 
tribution. For these constants to have 
their proper utility in interpreting and 
controlling technical processes, it is 
necessary that they be accurately stated. 
To this end it is necessary that the size 
distribution data on which they are 
based be precise, and above all free of 
systematic errors of method. The re- 
cent finding of a law of size distribution 
)* by which it is possible from a knowl- 
edge of two or more experimental points 
to determine true integral values of the 
above stated physical constants makes 
it particularly desirable that the experi- 
mental data be unequivocal. 

Many methods of mechanical analysis 
have been proposed and used. Some of 
these are much more capable of giving a 
correct result than others. It is believed 
that a classification of methods of size 
analysis offers the best way of determin- 
ing the reliability and respective merits 
of different methods. In the classifica- 
tion proposed, the methods are divided 
into different classes, depending on the 
underlying principles involved. Each 
class is discussed from the standpoint of 
adequacy of principle and of technique. 
4 Published by permission of the Director, U. S. Bureau 
Chemist, U.S. Bureau of Mines, New Bruns- 
wick, N. J 

3 The boldface numbers in parentheses refer to the re- 


ports and papers given in the list of references appended to 
this paper, see p. 681. 


recent representative example of each 
of the methods; no attempt has been 
made at complete citations nor is it 
implied that the example given repre- 
sents necessarily the best technique for 
a given method. Previous references 
are usually given in those cited. A 
valuable bibliography has been compiled 
by Krumbein (2). 


CLASSIFICATION OF METHODS OF SIZE 
ANALYSIS 


A concise statement of the different 
classes of measurement and of the prin- 
ciples underlying each class may be made 
as follows: 

Class J. Direct Observation by 
Means of the Microscope. No prin- 
ciples involved other than those per- 
taining to the use of the microscope. 

Class II.-Fractionation and Re- 
covery of the Fractions. The only 
principle involved is that the velocity of 
fall varies with size of particle, the rela- 
tionship being expressed quantitatively 
by Stokes’ law. 

Class ITT.Sedimentation with Direct 
Physical Measurement of the Rate of 
Settling. This method of measurement 
depends also only on Stokes’ law, but 
there is no separation into fractions as 
for Class II. ‘The conditions of measure- 
ment and interpretation are aiso different 
from those that apply to Class IT. 

Class [V.—Sedimentation with Indi- 
rect Measurement of the Rate of Set- 
tling. This class is similar to Class IIT, 
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except that in addition to Stokes’ law, 
other principles are brought in to deter- 
mine the result. 

Class V.—Measurement of Surface 
Area of the Material, Without Deter- 
mining the Size Distribution. The prin- 
ciple on which the measurement is based 
is physico-chemical. 


DISCUSSION OF THE METHODS OF CLAss I 


By measuring with the microscope the 
size of each of an assembly of particles 
a size distribution is obtained and from 
this, as mentioned above, the physical 
constants of surface area, number of par- 
ticles, and uniformity may be derived. 
In consideration of these properties it is 
clearly necessary that the size of a given 
particle be correctly defined, and indeed 
in such a way that the definition bears 
some simple relationship to the physical 
property of interest. 

In the case of a sphere or of a cube the 
diameter or the edge is the obvious mag- 
nitude to measure, and also the correct 
one since it is related simply to the 
surface or volume of the particle. In the 
case of irregular particles, the three 
dimensions,—length, width and depth— 
should be measured. Knowing the three 
dimensions, a quantity may be derived 
that is related to the volume or surface 
area of the particle. Unless the three 
dimensions are actually measured and 
suitably averaged, a quite incorrect value 
for the size of the particle may be ob- 
tained. For example, the author has 
observed cases (3) in which one of the 
dimensions of a particle is as little as one- 
third of the mean size based on surface 
and one of the other dimensions as great 
as fifteen times the mean. In such cases, 
from the standpoint of a true result only 
a suitable mean obtained from all three 
dimensions can be considered. 

Requirements in measuring the diame- 
ter of a sphere, and methods of measuring 


the depth of an irre.ular particle, are 
discussed elsewhere (s, 

All techniques of microscopic measure- 
ment have in common the necessity of 
properly dispersing the sample on a slide, 
or in a counting chamber. Otherwise 
the size of agglomerates rather than of 
discrete particles will be measured. For 
dispersion, any suitable chemical dis- 
persing agent may be used. ‘This must 
be accompanied by mechanical agitation, 
in which operation care must be taken 
that the small grains are not crushed. 

With heterogeneously distributed ma- 
terial it is necessary to change from 
one objective to another, and to recalcu- 
late the results to a uniform basis @). 
To avoid this insecure procedure, the 
expedient is frequently adopted of first 
fractionating the material according to 
the methods of Class Il. Naturally 
only a crude fractionation is considered 
necessary, but it is obvious that there 
are limits of crudity beyond which com- 
pensation cannot be secured by the 
exacting use of the microscope, for exam- 
ple as regards loss of material during 
fractionation. 

In measurement with the microscope, 
three main methods and one secondary 
method may be distinguished: (A) direct 
observation, (B) projection on a screen, 
(C) photomicrography, and (a) counting 
in a counting chamber. 

Method A.—A ruled ocular net may be 
used for estimating the size of the 
grain (4). 

Method B.—This method is consider- 
ably more convenient than method A. 
The particle is measured with a portable 
rule or with a net ruled on the screen (5). 
Each particle is conveniently brought 
into separate focus by remote control. 

Method C.—This method @) is evi- 
dently suitable only for highly uniform 
materials or at least for materials in 
which the variation in depth is less than 
the depth of focus of the system. The 
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depth of focus operative in photomi- 
crography is given by where M is 


the total magnification and A is the 


numerical aperture (7) and is small 


relative to the size of particle. The 
depth of the particles cannot of course 
be measured by this method. 

Method a.—Since a size distribution is 
not obtained in this method (g) it is 
regarded as subordinate to methods A, B 
and C. On non-uniform material an 
average size is calculated that is in the 
main determined by the more numerous 
small particles. This average is hardly 
related to the average size that is ob- 
tained in considering the dimensions of 
the individual particles and which for 
non-uniform distributions is the most 
significant. 


DISCUSSION OF MerEtTHODs or C Lass II 


In methods of Class II, the material 
is separated into size fractions by an 
upward stream of fluid, assuming Stokes’ 
law of fall. Means for deflocculation 
must be present. The flow is continued 
until complete separation is obtained. 
The fractions are weighed and may be 
examined under the microscope when- 
ever a check is desired of the actual sizes 
against the theoretical. Such a check 
should not be necessary in a tesved sys- 
tem. For different particle shapes, the 
relationship between the Stokes’ law size 
which is obtained in a fractionation and 
the size of particle related to volume or 
surface area per unit volume has been 
studied elsewhere (3); in general the rela- 
tionship may be deduced by microscopic 
examination of a closely sized fraction. 
For cubic particles the mean edge is 
approximately the common measure of 
size. 

The methods to be distinguished in 
this class of measurement are: (A) frac- 
tionation with air, (B) fractionation with 
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liquid, usually water, and (C) sedimenta- 
tion and decantation. Temperature 
control is needed in methods B and C 
but is relatively unimportant in 
method A. 

Method A. Deflocculation is obtained 
by means of the energy of the air jet. 
This energy must not be so great as to 
disrupt the individual crystals, a matter 
which is controlled by regulating the 
pressure. The energy of the jet is suffi- 
cient to move the sample of powder out 
of the field of action, hence provision 
must be made to automatically return 
the sample into the path of the jet and 
into the field of action (9). Adherence of 
dust is satisfactorily avoided by the use 
of stainless steel polished tubes, electrical 
grounding, and vibration (9). 

Method B.—\n order effectively to 
liberate the particles, use of a jet of fluid 
and a deflocculating agent and mechani- 
cal agitation are required (10). In the 
presence of such agitation, a possible 
particle break-down and the effects of 
turbulence must be tested for. The rate 
of separation is intrinsically less than in 
method A, since the rate of fall of a 
particle in water is roughly one-hun- 
dredth of that in air. 

Method C.—Sedimentation and Decan- 
tation. At calculated intervals a part 
of the suspension is siphoned or flowed 
off, thus recovering part of the particles 
below a given size. The flow of liquid 
may be considered discontinuous instead 
of continuous as for the preceding 
methods. Many siphonings are neces- 
sary for any given size, the number being 
determined to a large extent by the effi- 
ciency of deflocculation. This makes 
the method time consuming. The ap- 
preciable time of siphoning introduces an 
unavoidable error which cannot be miti- 
gated by increasing the rate of siphoning, 
since in so doing eddy currents and cap- 
ture of settled particles result (i. 
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DISCUSSION OF THE METHODS OF 
Crass III 


Class III methods of measurement are 
distinguished from those of Class II in 
two main respects. In the first place, 
the concentration of particles at a given 
level rather than discrete separation is 
used to measure the percentage of mate- 
rial having a given particle size. In the 
second place deflocculation must be made 
complete in one step, and must remain so 
during sedimentation. In the methods 
of Class II a longer time of fractionation 
compensates for imperfect deflocculation. 
This dissimilar relation to deflocculation 
between Classes II and III has not been 
given the recognition it merits. 

It is well known that different defloc- 
culating agents have different degrees of 
effectiveness (13), while a given defloc- 
culating agent naturally will act more or 
less differently with different materials, 
with changes in condition of the surface 
of a given material, with change in 
mechanical aids to deflocculation, and 
with change in the number concentra- 
tion of the particles in suspension (12). 
Criteria should therefore be established 
to determine under what conditions one- 
step deflocculation as practiced in the 
methods of Class III is really complete 
and remains so. 

An increase in the efficiency of defloc- 
culation should be reflected in an increase 
in the turbidity of a suspension, increase 
in the electro-kinetic potential (negative 
cataphoretic velocity) of the particles, 
and in a decrease in the sedimentation 
volume. These conditions may be used 
as guides in determining the extent of 
deflocculation. Probably the most satis- 
factory test is to compare results with 
one of the more positive methods of 
Classes Land II. Microscopic examina- 
tion of a sample for this class of measure- 
ment is not a satisfactory test of floccula- 
tion as it yields no information as to the 


percentage of fine material that has floc- 
culated and settled past the level of 
measurement. 

The methods of Class III may be di- 
vided according to the means that are 
used to measure the concentration of 
the suspension at a given level and time. 
Temperature control is necessary in all 
cases. The methods may be divided as 
follows: (A) pipette, (B) balance, (C) 
hydrometer, (D) manometer. 

Method A.—This method seems to 
have been independently devised by dif- 
ferent investigators at about the same 
time (2), but received a high form of 
development in the apparatus of Andrea- 
sen (13, 4). The pipette is used to with- 
draw samples at a given level. The 
solid is separated from the liquid by 
evaporation and is then weighed. This 
method is considered of the highest rank 
because of the relative simplicity of 
measuring the concentration and of cal- 
culating the size distribution. 

Method B.—The settled particles are 
weighed in a balance pan (15, 16), a curve 
of weight against time constructed, and 
the size distribution determined by draw- 
ing tangents to the curve and taking the 
difference of the slopes. The drawing 
of tangents is made necessary by the fact 
that this method gives a record of the 
whole sedimenting column instead of 
conditions at a given level, as in method 
A. It has been shown that due to con- 
centration currents, some of the material 
may settle around the pan instead of on 
it (17, 18). 

Method C.—The density of the suspen- 
sion at a given level is measured by 
means of a hydrometer. As in method 
A, the drawing of tangents is not neces- 
sary, since the density measured is that 
at a given level. Because of the latter 
condition it is imperative that the 
dimensions of the bulb be small (19) com- 
pared to those of the vessel. For this 
reason the large bulbed Bouyoucos hy- 
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drometer (20) which was originally in- 
tended for the special purpose of deter- 
mining “soil colloids” is distinctly not 
applicable. ‘The settling of particles on 
the hydrometer bulb requires that con- 
sideration be given to the shape of the 
bulb (). Disturbance caused by re- 
moval of the hydrometer should also be 
considered. 

Method D.—The density of the suspen- 
sion is measured by means of a side-arm 
manometer (22). Tangents must be 
drawn as in method B. Large displace- 
ments of the manometer fluid may be 
secured by use of an inclined tube (23) or 
by the use of two liquids (24), but the 
resistance due to viscosity and surface 
tension and consequent lag of the manom- 
eter readings must be contended with 
(25). By measuring the density between 
two neighboring points (26), the necessity 
of drawing tangents is avoided, but the 
relative displacements are small, and 
the method is therefore unusually sensi- 

‘e to small variations. 


DISCUSSION OF THE METHODS OF 
Crass IV 


The methods of Class IV are similar in 
principle to those of Class HI, except 
that the concentration of the suspension 
at a given level is measured by means 
other than those of the direct physical ones 
of Class III. ‘These means, in fact, are 
based on special properties of the mate- 
rialin suspension. In this way new prin- 
ciples are introduced into the procedure 
which are additional to those of Stokes’ 
law of fall. Because these additional 
principles inevitably complicate and 
throw suspicion on the final result, this 
class of measurement is ranked below 
that of Class III. 

As an example of the considerations 
that enter into measurements of this 
class, we may consider the method based 
on measurement of light absorption. In 
this method the diameter is determined 


by Stokes’ law of fall while measurement 
of the concentration is made to depend 
on the principle that the light absorption 
is inversely proportional to the surface 
reflection of the material. Actually, 
however, the final result depends on 
surface reflection, surface absorption, 
volume transmission, light scattering 
or diffraction, and the effects of multiple 
reflection. The assumption that these 
factors are constant for different sizes 
and concentrations is not beyond doubt. 

Methods that come under this class 
are: 

Method A.—Light Absorption. The 
density of the suspension at a given level 
or levels is determined by the degree of 
absorption of the light 7). An obvious 
variant of this method is to measure the 
light scattered at right angles to the 
incoming beam. 

Method B.-—Light Depolarization. 
The ratio of intensities of the two polar- 
ized components of the Tyndall beam is 
measured (28). Shape of particle and 
concentration affect the results. 

Method C.— Dielectric Constant. The 
dielectric constant of the suspension at 
a given level is measured, and from this 
is derived the volume concentration of 
material at that level (2s). Adsorption 
appears to affect the measured dielectric 
constant (30). 


DISCUSSION OF THE METHODS OF 
Crass V 

In this class the surface area of the 
particulate material is measured by refer- 
ence to some property, such as adsorp- 
tion, that is proportional to the surface 
area of the powder. Because a size dis- 
tribution is not obtained, this class of 
measurement is ranked last. However, 
this does not mean that it is the least 
important, as it has individual applica- 
tions of its own. 

It should be noted that the surface 
area measured by this class of methods 
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is not necessarily the same as the area 
measured by the preceding classes; in 
fact generally is not the same. In 
Classes I to 1V the area derived from the 
measurements is a geometric one; in 
Class V the area that is measured is 
determined by all the accessible surface 
and thus includes the sub-microscopic 
and molecular crevices and irregularities. 
Therefore the latter area will as a rule 
be greater than the former. If one is 
desirous of obtaining a value for the 
“surface roughness” of a material, a 
comparison of the surface measured by 
the methods of Class V and the geo- 
metric surface as measured by a method 
of one of the other classes would be 
useful. 

For all of the methods of Class V a 
reference must be used from which the 
observed result is translated into surface 
area per gram. This reference may con- 
sist of some general principle such as that 
adsorption takes place in a unimolecular 
layer, or it may consist of the use of a 
standard-size fraction of known surface 
such as may be obtained by one of the 
methods of Class II. In the present 
state of our knowledge the latter pro- 
cedure is preferable. Effects due to 
change in chemical nature or contamina- 
tion of the surface or to impurities in 
general should be guarded against. 

A statement of the methods of this 
class may be given as follows: 

Method A.—Adsorption of Dyes. The 
amount adsorbed is conveniently deter- 
mined by the methods of colorimetry 
(31, 32). 

Method B.—Adsorption of Hetero- 
homopolar Molecules. An example is 
the adsorption of oleic acid from solution 
and determination of the amount ad- 
sorbed by acid-base titration (33). 

Method C.—Adsorption of Vapors and 
Gases (34). 

Method D.—¥Exchange Adsorption of 
Metal Powders with Metal Atoms. The 
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surface atom of a metallic powder may 
exchange with nobler ions in solution, 
the latter apparently forming a mono- 
molecular layer on the metal surface (36). 

Method E.—Rate of Solution (36). It 
should be noted that the measured rate 
may be affected by the structure of the 
dissolving sediment (37). 

Method F.—Heat of Wetting by a 
Liquid (38). 

Method G.—Radiochemical Methods. 
Exchange Adsorption (39). The adsorp- 
tion of radium ion by isotopic lead com- 
pounds, and possibly also by compounds 
isomorphous with these, is a measure of 
the surface of the material. Emanating 
Power (40): The compound whose surface 
is to be measured is prepared with an 
addition of radium salt and the emanat- 
ing power of the compound so prepared 
is measured. The method appears ap- 
plicable to isotropic and amorphous com- 
pounds as well as to isotopic lead com- 
pounds (1). 

Method I.-Measurement of the Coer- 
cive Force in the Case of Magnetic Sub- 
stances (42). 


CONSIDERATIONS IN SELECTING A 
METHOD OF SIzE ANALYSIS 

The selection.of a method of analysis 
will depend on what extent completeness 
of data, precision, absolute correctness, 
and speed of operation are considered 
desirable. Speed of operation, in fact, 
cannot be considered independently of 
completeness and accuracy, for a sacrifice 
in the latter two factors is prompted by a 
desire to gain speed. 

For a quick semi-quantitative result, 
examination of the material may be made 
under the microscope or better compared 
under a comparison microscope with a 
material of known fineness. 

An accurate but incomplete estimate of 
the fineness is had by sieving through a 
No. 200 sieve. One may also measure 
the content of material below some very 
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small size. In this way, one determines 
the “concentration” of fines, a quantity 
which is opposed to the “residue” of 
coarse obtained in an ordinary sieve 
analysis. The concentration of fines 
should usually be considered more impor- 
tant than the residue of coarse because it 
is the significant quantity in determining 
the physical properties of surface area 
and number of particles per grem. For 
a great many materials a limiting size 
of 54 may be conveniently used as 
reference. 

Determination of the concentration of 
fines should find its greatest application 
in operating practice where a quick index 
of milling operation is desired. One of 
the methods of Classes II, III and IV 
would seem most convenient for this 
determination; the methods of Class IV 
should, however, be employed with due 
regard to the reservation next discussed. 
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In the determination of complete size 
distribution, the aim of obtaining a true 
result demands that the methods be gen- 
erally limited to those of Classes I, II 
and III. The methods of Class IV 
should be considered only after the acces- 
sory principles of this class are proved to 
be quite invariant. The use of the mi- 
croscope appears in general to be most 
suitable for materials of fairly uniform 
distribution. Certain of the methods of 
Class III have been used to determine 
size distribution down to about 0.1y, 
while the lower limit recorded for the 
methods of Class ILis2u. Therefore the 
methods of Class III appear to be the 
more suitable for extremely fine mate- 
rials. However, in so far as the methods 
of Class III are more troubled by prob- 
lems of deflocculation, they are at a dis- 


advantage relative to the methods of 


Class IT. 
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SUMMARY OF PROCEEDINGS OF 


CRITICAL DISCUSSION ON 
IN CONSISTENCY 


‘The Symposium on Consistency was 
held at the second session of the For- 
tieth Annual Meeting of the American 
Society for Testing Materials at New 
York City, on June 29, 1937. The 
excellent attendance throughout the 
symposium session was a definite indica- 
tion of the widespread interest in this 
subject. 

The symposium was sponsored by 
Technical Committee II on Consistency, 
Plasticity and Related Properties, of 
Committee E-1 on Methods of Testing. 
Detailed arrangements for the sympo- 
sium papers were made by E. C. 
Bingham, Chairman of Technical Com- 
mittee II, and W. H. Fulweiler, Chair- 
man of Committee E-1. 

Mr. Fulweiler served as chairman of 
the symposium session and was assisted 
by the following co-chairmen: EF. C. 
Bingham, H. A. Gardner, C. S. Reeve, 
L. C. Beard, Arthur W. Carpenter, 
and T. Smith Taylor. 

In introducing the Symposium on 
Consistency, Mr. Fulweiler summarized 
briefly the reasons for arranging for 
this series of papers to consider the 
advances in recent years in consistency 
measurement, including a discussion of 
the theoretical background and_ the 
existing nomenclature. He called atten- 
tion to the fact that the nine papers com- 
prising the symposium covered a repre- 
sentative cross-section of engineering 
materials concerning which the establish- 
ment of authoritative nomenclature and 
fundamental principles underlying the 


SYMPOSIUM ON CONSISTENCY: 
PRESENT-DAY PRACTICES 
MEASUREMENT 


measurement of consistency, plasticity, 
viscosity and related properties is im- 
portant. Mr. Fulweiler stated that it 
was the purpose of the symposium to 
present a critical review of consistency 
measurement as applied to those mate- 
rials, and to consider the possibilities 
of standardization and the use and 
advantage to be derived from the use 
of fundamental units of measurement. 

Mr. Fulweiler then introduced the 
first paper, following which the remaining 
papers were presided over in turn by 
the co-chairmen. The papers compris- 
ing the symposium were as follows: 


“Recent Progress in Consistency Meas- 
urement,” by E. C. Bingham, Professor of 
Chemistry, Lafayette College. 

“Definition of Consistency and Theoret 
ical Considerations,” by M. Mooney, 
Development Dept., U. S. Rubber Prod 
ucts, Inc. 

“Consistency Measurements in the Paint 
Industry,” by D. L. Gamble, Research 
Division, New Jersey Zinc Co. 

“The Flow Properties of Asphalts 
Measured in Absolute Units,” by R. N. 
Traxler, Research Division, Technical Bu- 
reau, The Barber Co. 

“Consistency Measurements in the Coal 
Tar Industry,” by E. O. Rhodes, E. W. 
Volkmann and C. T. Barker, Technical 
Dept., Tar and Chemical Division, Kop- 
pers Co. 

“Viscosity Measurement of Petroleum 
Products and Lubricants,” by J. C. Geniesse, 
Research Chemist, The Atlantic Refining 
Co. 

“Consistency Measurement of Rubber 


of 
| 
me 
ph 
‘ pr 
th 
5) 
be 
th 
H 
be 
ag 
sh 
ne 
m 
Si} 
vl 
th 
fo 
pe 
pi 
pe 
th 
us 
Cad 
fr 
: vi 
pl 
sc 
it: 
le 
of 
ti 
Si 
lic 
m 


SUMMARY OF PROCEEDINGS OF SYMPOSIUM ON CONSISTENCY 685 


and Rubber Compounds,” by J. H. Dillon 
and L. V. Cooper, Firestone Tire and Rub- 
ber Co. 

“Measurements of Flow Characteristics 
of Thermosetting Resins,” by H. L. Bender, 


H. F. Wakefield and H. E. Riley, Bakelite 


Corp. 

“Cold Flow of Insulating Materials,’ by 
Robert Burns and Irving L. Hopkins, 
members of the Technical Staff, Bell Tele- 
phone Laboratories, Inc. 


Mr. Bingham in reviewing briefly the 
progress in consistency measurement 
that has taken place since the first 
Symposium on Consistency! presented 
before the Society in 1923, emphasized 
the need for a standard of viscosity. 
He pointed out that water at 20 C. has 
been suggested but that there is lack of 
agreement as to what the correct value 
should be, resulting in an uncertainty of 
nearly 0.5 per cent. A difference of this 
magnitude is intolerable since visco- 
simeters are being developed in which 
viscosity measurements are reported to 
the fifth significant figure. It is there- 
fore imperative in such work to state 
what value is taken as standard. He 
pointed out the advantages of the simple 
pipette type of instrument which de- 
pends upon the hydrostatic head for 
the flow of the liquid, and advocated the 
use of two- or three-point calibration for 
capillary viscosimeters. 

Mr. Mooney discussed the subject 
from a scientific or theoretical point of 
view. He pointed out that the flow 
properties of a material can only be 
scientifically expressed in the form of 
its rheological diagram, or some equiva- 
lent, which shows the variation in rate 
of shear with shearing stress in a con- 
tinuous simple shearing deformation. 
Since “‘viscosity”’ applies to the simple 
liquids only, he stated that for the 
more complex materials the term “con- 


1 Proceedings, Am. Soc. Testing Mats., Vol. 23, Part I, 
p. 432 (1923). 


sistency” is needed. He defined con- 
sistency as the ratio of shearing stress 
to the rate of shear. The term is thus 
similar to “‘viscosity,”’ but is used when 
the ratio referred to varies with the 
shearing stress, while “viscosity” is 
used only when the ratio is constant. 

Mr. Mooney presented an analysis 
of the various rheological tests estab- 
lished by the Society for materials hav- 
ing complex rheological diagrams, such 
as, plastic solids, plastico-viscous solids, 
and complex liquids. Of the 26 recog- 
nized methods summarized it is evident 
that for the most part they are not of the 
“scientific” type which measures some 
specific physical property of the material 
nor of the “practical” type which 
attempts to parallel closely some service 
condition, but they are rather of a 
“hybrid” type. In the author’s opinion 
there is little that can be said to justify 
the “hybrid” type of test since they will 
neither predict with certainty the be- 
havior of the material in complex service 
conditions, nor permit reliable calcula- 
tions in simple conditions that can be 
analyzed. 

The author recommends that «a. ’ 
test should either be thoroughly prac 
tical or truly scientific. It is believec 
that measurements can be made 
fundamental or absolute un’‘* for «is 
as well as for other physice prop «ties 
under normal conditions. The appa- 
ratus required may or m. not be more 
complicated than that aiready in use, 
but even if more complicated, it will by 
measuring fundamental properties quan- 
titatively, give more complete and more 
reliable information than has been avail- 
able heretofore. 

Mr. Gamble discussed consistency 
measurements in the paint industry, 
where the conditions vary all of the way 
from those in enamels to those met in 
flat-wall paints. The former have so 
little internal structure that a single 
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measurement of the apparent viscosity 
is often sufficient for plant control. The 
latter has higher pigmentation, a floccu- 
lated character and often other struc- 
tural materials, such as a soap gel, 
hence the apparent viscosity (that is, the 
consistency) changes rapidly with the 
shearing stress. Many of the instru- 
ments used by the paint industry are 
not closely related to the scientific or 
absolute type. An instrument which 
gives results in absolute units is advo- 
cated. 

Mr. Traxler, in discussing the flow 
properties of asphalts, pointed out that 
the asphalt technologist is confronted 
with the problem of measuring a wide 
range of consistencies. He discusses 
methods which have been used success- 
fully for measuring in absolute units, 
low and high viscosities and for evaluat- 
ing the flow of non-viscous materials. 
The capillary tube or rotating cylinder 
type of viscosimeter is recommended for 
low viscosities (less than 50,000 poises). 
The latter instrument or a viscosimeter 
utilizing the principle of the falling 
coaxial cylinder is suggested for measur- 
ing the viscosity of highly viscous 
asphalts. Non-viscous bitumens (for 
example, most air-blown asphalts) can 
best be evaluated using a rotating 
cylinder type of viscosimeter. 

A suitable plastometer must separate 
not only the yield value and mobility 
as independent variables but also elimi- 
nate the elasticity and adhesiveness. It 
is possible to separate those materials 
which possess a definite yield value from 
those which behave like simple viscous 
liquids. Both thixotropy and elasticity 
(the non-permanent deformation) can 
be followed and measured. The change 
of consistency with the temperature 
(susceptibility) and the evaluation of 
mineral fillers in mixtures afford prob- 
‘ems which have been successfully at- 
tacked by means of absolute instruments, 
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of which the coaxial cylinder type of 
instrument has proved most useful. 

Messrs. Rhodes, Volkmann and Barker 
discussed the consistency testing meth- 
ods used by the coal-tar industry which 
are empirical and include such methods 
as the Engler specific viscosity test, 
float test, softening point by ring-and- 
ball, and cube-in-air or cube-in-water 
test, penetration test, and Saybolt Fu- 
rol viscosity test. Correlation between 
these tests is difficult because of the 
empirical character of the results ob- 
tained. The authors point out that a 
rational evaluation of viscosity testing 
is possible only by the use of absolute 
units, and that reliable information as 
to the conversion of results obtained into 
absolute or fundamental units is needed. 
It is shown that the softening point 
temperatures (ring-and-ball) cannot be 
related accurately to absolute viscosities, 
and ihat satisfactory conversion of 
penetration measurements is problemat- 
ical. The relation between float test 
seconds and kinematic viscosity, how- 
ever, is sufficiently well defined to be of 
practical interest. Engler degrees and 
Saybolt seconds can be converted into 
absolute units. The authors presented 
a chart developed for the conversion of 
Saybolt Universal an@ Saybolt Furol 
viscosity values into kinematic viscosity, 
which shows the conversion relations 
for Redwood No. 1 and British Road 
Tar Association viscosimeter seconds. 
Experimental evidence is presented to 
show that the viscosity-temperature 
relations of coal tars and coal-tar prod- 
ucts can be plotted as straight lines on 
this chart. Since tars appear to be of 
the nature of viscous liquids, questions 
as to the yield value and rate of shear 
are of little concern up to 108 poises. 
The simplicity of the viscosity-tempera- 
ture relation also emphasizes the need 
for determination of the viscosity of coal 
tars. 
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The paper by Mr. Geniesse deals with 
viscometry practices in the petroleum 
industry. He pointed out that while 


the Saybolt Universal and Saybolt. 


Furol viscosimeters are extensively used 
in the industry and have been standard- 
ized by the Society, they have a number 
of shortcomings and inherent difficulties 
which cannot be entirely eliminated. 
The Saybolt instrument is inaccurate at 
high temperatures because the lower 
end of the outflow tube is exposed to 
the atmosphere, and also at short times 
of outflow due to the high kinetic 
energy correction. The fact that the 
oil volume is measured after it has 
cooled considerably below the tempera- 
ture of the test introduces another 
complication, making it difficult to 
compare the results of the Saybolt 
apparatus with any other instrument. 
A third complication results from the 
fact that the Saybolt viscosity of an oil 
is the time of outflow, under prescribed 
conditions, from a metal tube whose 
dimensions are specified but which must 
be duplicated to a very high degree of 
accuracy in order to be checked in 
another similar instrument. Other in- 
struments of the capillary tube type 
which measure kinematic viscosity in 
centistokes are being introduced and 
should eliminate many of the errors 
unavoidable in the older methods. 
Since the petroleum industry will con- 
tinue for some time the use of the 
“Saybolt seconds” it is necessary to have 
conversion tables and charts which 
have accordingly been developed. The 
charts have a range in kinematic viscos- 
ity of from 0.4 to 20,000,000 centistokes, 
and in temperature from — 30 F.to450 F. 

In discussing the use of the pentrom- 
eter for testing greases, the author 
pointed out the reai need for knowledge 
of their flow under rates of shear en- 
countered in service. A simple instru- 
ment giving results in absolute units 


would reduce the number of scales 
required and would be very welcome. 
A consideration of the problems still 
facing the rheologist leads the author 
to the conclusion that the most im- 
portant one is the adoption of an inter- 
national scale of viscosity units. It 
would eliminate considerable expensive 
laboratory testing and simplify the 
preparation of specifications. The next 
most important need is for a commercial 
viscosimeter to measure consistency at 
various controlled rates of shear for 
plastic liquids and solids. 

The last three papers of the sympo- 
sium deal with the rheological measure- 
ments in the more difficult field of the 
plastic materials, and discuss tests for 
rubber and rubber products, the thermo- 
setting resins, and insulating materials. 

Messrs. Dillon and Cooper confine 
their discussion to that of the con- 
sistency of crude and unvulcanized 
rubber compounds. ‘The problems dis- 
cussed concern “break down” on shear, 
the thixotropic increase in consistency 
of the rubber on standing, slippage, and 
prevulcanization. Since rubber is plas- 
tic, the measurement of the consistency 
is complicated, but nevertheless the 
measurement in absolute units promises 
to yield needed information in regard 
to the structure of rubber and to give 
a better basis for comparison. The 
authors discuss several semi-absolute 
plastometers as well as some others that 
are quite empirical. For example, in 
the Mooney plastometer they find that 
there is thixotropic equilibrium and 
slippage is taken care of. With further 
improvement, the shearing cylinder and 
disk instrument might prove satis- 
factory for absolute measurement. There 
is pressing need for instruments to 
correlate with factory conditions, but 
even with satisfactory instruments for 
control, the logical procedure should be 
to concentrate on the development of a 
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satisfactory research instrument. Once 
that instrument is developed, the prob- 
lem of adapting it to control require- 
ments could be attacked. 

The paper by Messrs. Bender, Wake- 
field and Riley reviews the status of 
rheology in the field of the thermosetting 
resins. ‘The stable resins may be melted, 
dissolved or flowed out without great 
differences in the flow conditions, so that 
the measurement of the consistency in 
absolute units offers no great difficulty. 
The heat-stable resins show thixotropy 
and the structure is altered by solution. 
They are plastic, so that measurement 
of the consistency is less easy. But 
greater difficulties of measurement are 
offered by the resins which are not heat 
stable due to polymerization, secondary 
growth of structure, and an increase in 
mobility due to “self-orientation” which 
opposes the first two effects which both 
tend to decrease the mobility. These 
resinous plastics are all thermoplastic 
but many of them are also thermosetting 
or chemo-plastic in that they lose their 
property of plasticity at elevated tem- 
peratures. Therefore, at a given tem- 
perature and shearing stress, a given 
plastic increases in mobility, passes 
through a maximum and _ decreases 
rapidly to zero, as a result of the oppos- 
ing tendencies. It is necessary to meas- 
ure these changes while in progress at 
working temperatures to understand 
what is taking place. The authors, 
therefore describe numerous tests and 
present a résumé of the various methods 
used for determination of the arbitrary 
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flow values, for expressing the summa- 
tion of the flow value, change of flow 
value, and change of hardening speed 
with time. 

Messrs. Burns and Hopkins discussed 
the slow flow which takes place at 
nominal shearing stresses in materials 
used as insulators in the electrical 
industry. On telephone switch-boards, 
for example, several electrical contacts 
may have to be broken in rapid and 
reproducible sequence over a period of 
15 yr. or more, where the total move- 
ment is only 0.02 to 0.03 in. This 
“cold flow” is therefore important. It 
is necessary to distinguish between 
elasticity, viscosity, elastic recovery and 
permanent set and the material must 
show a cold flow below a certain specified 
amount. From detailed studies of cold 
flow phenomena, the authors conclude 
that methods of parallel plate plastom- 
etry are of fundamental importance in 
determining the class in which a given 
material falls, but are too laborious and 
complicated for engineering or produc- 
tion control. The test described in the 
paper, in which the 24-hr. deformation 
is taken, although an empirical one, has 
proved an accurate and reliable method 
of evaluating insulating materials sub- 
ject to deformation under heat and 
pressure. 

The papers, complete with discussion 
have been published by the Society as a 
separate volume entitled, “Symposium 
on Consistency: Discussion on Present- 
Day Practices in Consistency Measure- 
ment.” 
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Weld Metal as an Engineering Material and 
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Robert H. Heyer, 119. Discussion, 142. 
Fatigue Propertics of Non-Ferrous Sheet 
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See Testing Apparatus. 


Interpretation of Laboratory Coal Tests— 
Proximate Analysis and Calorific Value. 
G. B. Gould, 342. Discussion, 362. 

The Significance of Ash Softening Tempera- 


Laboratory Tests Relating to Caking, Plas- ture and Ash Composition in the Utiliza- 
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Bituminous Coals. O. O. Malleis, 402. 
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Plastic Flow and Volume Changes of Con- 
crete. Raymond FE. Davis, Harmer EF. 
Davis, and Elwood H. Brown, 317. Dis 
cussion, 331. 

Aircraft. 

Fatigue Properties of Metals Used in Aircraft 
Construction at 3450 and 10,600 Cycles. 
T. T. Oberg and J. B. Johnson, 195. Dis 
cussion, 204. 

Air Pollution. 

The Significance to the Consumer of Sulfur 
in Coal. Henry Kreisinger, 369. Discus- 
sion, 373. 

Alloys. 

Analysis of the Brinell Hardness Test. 
Robert H. Heyer, 119. Discussion, 142. 

Fatigue Properties of Non-Ferrous Sheet 
Metals. C. H. Greenall and G. R. Gohn, 
160. Discussion, 192. 

Alloy Steel. 

Analysis of the Brinell Hardness Test. 

Robert H. Heyer, 119. Discussion, 142. 


cussion, 393. 
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Bituminous Practice on Western Highways. 
J. FE. Buchanan. Published in ASTM 
Bulletin, No. 88, October, 1937, p. 10. 

Compression ‘Testing of Asphalt .Paving 
Mixtures—-II. Roland Vokac, 509, Dis 
cussion, 517. 

The Constituents of Asphaltic Materials 
versus Accelerated Weathering. R. R. 
Thurston, 569. Discussion, 573. 

The Constitution of Cracked and Uncracked 
Asphalts. KE. S. Hillman and B. Barnett, 
558. Discussion, 567. 

The Design of Asphalt Mixtures for Under- 
water Construction. Rossiter M. McCrone 
and F. C. Field, 499. Discussion, 507. 

Development of Internal Structure in As- 
phalts with Time. R. N. Traxler and 
C. E. Coombs, 549. Discussion, 556. 

The Homogeneity of West Texas Asphalts. 
Sidney Born, 519. Discussion, 525. 

Indentation and Compression Shear Tests for 
Determining Service Stability of Asphalt 
Plank. H. W. Greider and Henri Marc, 
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; on Consistency, 684. 
_ Atmospheric Corrosion Testing. 
Summary of Proceedings of the Chicago 
Regional Meeting —Symposium on Corro- 
sion Testing Procedures, 1. 


Balancing Wave Tests. 
Steel Structures Identified and Flaws Located 
by Means of Balancing Wave Tests. Carl 
Kinsley, 36. Discussion, 50. 
Balsa Wood. 
The Mechanical Properties of Balsa Wood. 
J. O. Draffin and C. W. Muhlenbruch, 582. 
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Summary of Proceedings of the Chicago 
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cants, 2. 
_ Bituminous Materials. 
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Properties of 
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and E. S. Howarth, 206. Discussion, 216. 
Calorific Value. 
Interpretation of Laboratory Coal Tests— 


Proximate Analysis and Calorific Value. 
G. B. Gould, 342. Discussion, 362. 
Cast Iron. 


A Proposea Standard Classification of 
Graphite in Gray Cast Iron. W. E. Mahin 
and J. W. Hamilton, 52. Discussion, 60. 

Relation of Properties of Cast Iron to Thick- 
ness of Castings. H. L. Campbell, 66. 
Discussion, 70. 

A Study of the Effect of Span on the Trans- 
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The Tensile Strength of Cast Iron. J. O. 
Drafiin and W. L. Collins, 88. Discus- 
sion, 98. 
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The Cement Reference Laboratory. J. R. 
Dwyer. Published in ASTM Bulletin, 
No. 87, August, 1937, p. 12. 

Tricalcium Aluminate and the Microstruc- 
ture of Portland Cement Clinker. Levi S. 
Brown, 277. 
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A Laboratory Channel Test for Gear Oils. 
J. P. Stewart, 485. Discussion, 498. 

Charpv Impact. 

See Impact Testing. 
Chromium Steel. 

See Alloy Steel. 
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The Significance of Ash Softening Tem- 
perature and Ash Composition in the 
Utilization of Coal. A. W. Gauger, 376. 
Discussion, 393. 

Laboratory Tests Relating to Caking, 
Plastic, Gas- and Coke-Making Prop- 
erties of Bituminous Coals. O. O. 
Malleis, 402. Discussion, 416. 

Significance of Friability and Size Stability 
Tests on Coal. R. E. Gilmore and J. 
H. H. Nicolls, 421. Discussion, 436. 

Pulverizer Performance as Affected by 
Grindability of Coal and Other Factors. 
Martin Frisch and A. C. Foster, 441. 
Discussion, 463. 

Coal Tar. 

Summary of Proceedings of the Symposium 

on Consistency, 684. 
Coke-Making Properties. 

Laboratory Tests Relating to Caking, Plastic, 
Gas- and Coke-Making Properties of 
Bituminous Coals. O. O. Malleis, 402. 
Discussion, 416. 

Cold Checking. 

Equipment for Testing the Resistance to 
Cold Checking of Lacquers and Other 
Surface Coatings. Wayne C. Norris, 478. 

Compression Testing. 

Analysis of the Brinell Hardness Test. 
Robert H. Heyer, 119. Discussion, 142. 
Compression Testing of Asphalt Paving 

Mixtures—II. Roland Vokac, 509. Dis- 

cussion, 517. 

Indentation and Compression Shear Tests 
for Determining Service Stability of 
Asphalt Plank. H. W. Greider and Henri 
Marc, 530. Discussion, 540. 

The Mechanical Properties of Balsa Wood. 
J. O. Draffin and C. W. Muhlenbruch, 582. 
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Discussion, 70. 

Some Tests to Show the Effect of Freezing 
on the Permeability, Strength, and Elas- 
ticity of Concretes and Mortars. Herbert 
H. Scofield, 306. Discussion, 316. 

Concrete. 

Plastic Flow and Volume Changes of Con- 
crete. Raymond E. Davis, Harmer E. 
Davis, and Elwood H. Brown, 317. Dis- 


Some Tests to Show the Effect of Freezing 
on the Permeability, Strength, and Elas- 
ticity of Concretes and Mortars. Herbert 
H. Scofield, 306. Discussion, 316. 


Conductivity. 


The Celite Type High-Temperature Thermal 
Conductivity Apparatus. C. E. Weinland, 
269. 
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Development of Internal Structure in As- 
phalts with Time. R. N. Traxler and C. E. 
Coombs, 549. Discussion, 556. 

Summary of Proceedings of the Symposium 
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Copper. 

Fatigue Properties of Non-Ferrous Sheet 
Metals. C. H. Greenall and G. R. Gohn, 
160. Discussion, 192. 

The Relaxation of Copper at Normal and at 
Elevated Temperatures. John Boyd, 218. 
Discussion, 233. 

Corrosion. 

The Significance to the Consumer of Sulfur 
in Coal. Henry Kreisinger, 369. Dis- 
cussion, 373. 

Summary of Proceedings of the Chicago Re- 
gional Meeting—Symposium on Corrosion 
Testing Procedures, 1. 

A Thermodynamic and Colloidal Interpreta- 
tion of Published Studies on the Corrosion 
Cracking of Stressed Mild Steel in Water 
Solutions. J. A. Tajc, 588. Discussion, 
598. 

Cracked Asphalts. 

The Constitution of Cracked and Uncracked 
Asphalts. E. S. Hillman and B. Barnett, 
558. Discussion, 567. 

Creep. 

A Comparison of the Methods Used for 
Interpreting Creep Test Data. Joseph 
Marin, 258. Discussion, 265. 

Measuring Elastic Drift. Robert W. Car- 
son, 661. Discussion, 671. 

New Equipment for Creep Tests at Elevated 
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Decorative Coatings. 


Résumé of Symposium on Correlation Be- 
tween Accelerated Laboratory Tests and 
Service Tests on Protective and Decorative 
Coatings. A.C. Elm, 467. 

Dielectric Constant. 


Determination of the Edge Correction in the 
Measurement of Dielectric Constant. Ar-— 


nold H. Scott, 655. 

Ductility. 

The Constituents of Asphaltic Materials 

--versus Accelerated Weathering. R. R. 
Thurston, 569. Discussion, 573. 

Dynamic Tests. 

- Dynamic Tests by Means of Induced Vi- 
brations. Rudolf K. Bernhard, 634. Dis- 
cussion, 646. 

Edge Correction. 

Determination of the Edge Correction in the 
Measurement of Dielectric Constant. Ar- 
nold H. Scott, 655. 
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See Temperature, Effect of. 


Efflorescence. 
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Brick. J. W. McBurney and D. E. 
Parsons, 332. Discussion, 337. 
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Measuring Elastic Drift. Robert W. Carson, 
661. Discussion, 671. 
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Plastic Flow and Volume Changes of Con- 
crete. Raymond E. Davis, Harmer E. 
Davis, and Elwood H. Brown, 317. Dis- 
cussion, 331. 
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on Consistency, 684. 
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Some Tests to Show the Effect of Freezing 
on the Permeability, Strength, and Elas- 
ticity of Concretes and Mortars. Herbert 
H. Scofield, 306. Discussion, 316. 

Friability. 

Significance of Friability and Size Stability 
Tests on Coal. R. E. Gilmore and J. H. H. 
Nicolls, 421. Discussion, 436. 

Fusion Temperature. 

The Significance of Ash Softening Tempera- 
ture and Ash Composition in the Utiliza- 
tion of Coal. A. W. Gauger, 376. Dis- 
cussion, 393. 
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Gas-Making Properties. 
Laboratory Tests Relating to Caking, Plas- 
tic, Gas- and Coke-Making Properties of 
Bituminous Coals. O. O. Malleis, 402. 
Discussion, 416. 
Gear Oil. 
A Laboratory Channel Test for Gear Oils. 
J. P. Stewart, 485. Discussion, 498. 
Graphite. 
A Proposed Standard Classification of 
Graphite in Gray Cast Iron. W.E. Mahin 
and J. W. Hamilton, 52. Discussion, 60. 
Gray Cast Iron. 
A Proposed Standard Classification of 
Graphite in Gray Cast Iron. W. E. Mahin 
and J. W. Hamilton, 52. Discussion, 60. 
Relation of Properties of Cast Iron to Thick- 
ness of Castings. H. L. Campbell, 66. 
Discussion, 70. 
Grindability. 
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Grindability of Coal and Other Factors. 
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Hardness Testing. 
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Discussion, 142. 


Fatigue Properties of Non-Ferrous Sheet 
Metals. C. H. Greenall and G. R. Gohn, 
160. Discussion, 192. 

High Temperature Testing. 

See Temperature, Effect of. 

Homogeneity. 

The Homogeneity of West Texas Asphalts. 

Sidney Born, 519. Discussion, 525. 


Immersion Testing. 

Summary of Proceedings of the Chicago 
Regional Meeting—Symposium on Corro- 
sion Testing Procedures, 1. 

A Thermodynamic and Colloidal Interpreta- 
tion of Published Studies on the Corrosion 
Cracking of Stressed Mild Steel in Water 
Solutions. J. A. Tajc, 588. Discussion, 
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Impact Testing. 

Discussion by H. C. Perkins of paper by H. C. 
Mann on “High-Velocity Tension-Impact 
Tests.’ Discussion published in ASTM 
Bulletin, No. 87, August, 1937, p. 19. 

A Fundamental Study of the Design of Impact 
Test Specimens. H. C. Mann, 102. Dis- 
cussion, 112. 

Indentation Testing. 

Indentation and Compression Shear Tests 
for Determining Service Stability of As- 
phalt Plank. H. W. Greider and Henri 
Marc, 530. Discussion, 540. 

Instruments. 
See Testing Apparatus. 
Insulating Materials. 

The Celite Type High-Temperature Thermal 
Conductivity Apparatus. C. E. Weinland, 
209. 

Summary of Proceedings of the Symposium 
on Consistency, 684. 

Interpretation of Data. 

A Comparison of the Methods Used for In- 
terpreting Creep Test Data. Joseph 
Marin, 258. Discussion, 265. 
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Proximate Analysis and Calorific Value. 
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Interpretation of Data (Continued): 

The Significance of Ash Softening Tem- 
perature and Ash Composition in the 
Utilization of Coal. A. W. Gauger, 376. 
Discussion, 393. 

Laboratory Tests Relating to Caking, 
Plastic, Gas- and Coke-Making Proper- 
ties of Bituminous Coals. O. O. Malleis, 
402. Discussion, 416. 

Significance of Friability and Size Stability 
Tests on Coal. R. E. Gilmore and J. H. 
H. Nicolls, 421. Discussion, 436. 

Pulverizer Performance as Affected by 
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